General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



j r -/7 7 b/77 

Ihti ?? 

■ p * 

NASA CR-1 35081 
SER-50959 

WASA 

National Aeronautics and 
Space Administration 



OIL-AIR MIST LUBRICATION FOR 
HELICOPTER GEARING 


By: F. McGrogan 


SIKORSKY AIRCRAFT f%“ 


TECHNOLOGIES* 


/ 

r 


Prepared For 

National Aeronautics and Space Administration 

and U. S, Army Air Mobility Research and Development Laboratory 

{NAS A-CH-135 081 ) OIL-AIR HIST LUBRICATION M78-25080 

FOR HELICQFTFR GEARING Final Report 

{Sikorsky Aircraft, Stratford, Conn*) 52 p 

HC A04/MF A01 CSCL 01C Unclas 

G3/05 22923 


NASA Lewis Research Center 


Contract NAS 3-18538 


1. Report No. 2. Government Accession Mo, 

CR-13S081 

3. Recipient's Catalog No. 

4. Title and Subtitle 

Oil -Air Mist Lubrication for Helicopter Gearing 

5, Report Dale 
December 1976 

6. Performing Organization Code 

7. Author(s) 

F. McGro)a'i 

B. Performing Organization Report No, 
SER 50959 

10. Work Unit No. 

9. Performing Organization Name and Address 

Sikorsky Aircraft 

Division of United Technologies 

Stratford, Connecticut 06602 

11. Contract or Grant No. 
NAS 3-18538 

13, Type of Report and Period Covered 
Contractor Report 

12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, D. C. 20546 

and U. S. Army Air Mobility Research and Development Laboratory 
Mnf-fe.tt..Fj el d . Ca . 94035 _ 

14. Sponsoring Agency Code 

15, Supplementary Notes 
Final Report, 

Project Manager, William R. Loomis, Fluid System Components Division, 

NASA Lewis Research Center, Cleveland, Ohio 

16, Abstract i 


The operation of helicopter type spur gears with mist lubrication was explored by conducting 
preliminary, step-speed and endurance tests on a regenerative - closed loop test rig. For the 
preliminary testing at 10 krpm, the mist nozzle position, the oil/air flow ratio and tooth contact 
pressures (690, 1034 and 1380 Megapascals) were varied using two lubricants (a MIL-L-23699 , type 
II ester and a formulated synthetic, jiydrocarbon) in order to optimize the nozzle position and oil/ 
air flow ratio. In the step-speed 'tests, the speed was varied between 10 krpm and 20 krpm, with 
a radial nozzle placement (based on visual results of the preliminary test) and a tooth contact 
pressure of 1034 Megapascals. Using the same two lubricants, the heat balance data indicated 
a 15 to 2Q% increase in heat generation, but a superior tooth surface with the conventional jet 
spray system. The mist lubrication endurance tests were conducted at 14 krpm with a tooth 
pressure of 1034 Megapascals. Slight surface scuffing was present on the gear teeth at the 
completion of the fifty (50) hour test, the XRL-850 lubricant was graded superior. This test 
demonstrated the feasibility of using a once-through oil -air mist lubrication system in a two 
mesh gearbox. 

A step-speed study, run at 10 krpm to 18 krpm and at tooth pressures of 690 and 1034 
Megapascals with the two lubricants, and an endurance test run at 14 krpm and 1034 Megapascals 
of the emergency aspirator mist system resulted in a successful completion of a five (5) hour 
endurance test with the MIL-L-23699 lubricant. The success of this rather severe test demon- 
strated that an aspirator mist system is a good candidate for an emergency lubrication system 
in a helicopter transmission. 


17. Key Words (Suggested by Author(s) ) 

Microfog lubrication 

Mist lubrication 

Helicopter spur gears 

High Speed spur gear lubrication 

18. Distribution Statement 

19. Security Classlf. (of this report) 

Unclassified 

20, Security Classif. (of this page) 
Unclassified 

21. No, of Pages 

22. Price' 


For sale by the National Technical Information .Service, Springfield, Virginia 22161 


NASA-C-168 (Rev. 10-75) 



















NASA CR-1 35081 
SER-50959 



National Aeronautics and 
Space Administration 


OIL-AIR MIST LUBRICATION FOR 
HELICOPTER GEARING 


By: F. McGrogan 


SIKORSKY AIRCRAFT 

TECHNC 


technologies* 


Prepared For 

National Aeronautics and Space Administration 
and U. S. Army Air Mobility Research and Development Laboratory 


NASA Lewis Research Center 


Contract NAS 3-1 8538 



TABLE OF CONTENTS 


PAGE NO. 

LIST OF FIGURES V 

LIST OF TABLES 

SUMMARY 1 

1.0 INTRODUCTION 3 

2.0 TEST EQUIPMENT 5 

3.0 TEST PROCEDURES AND RESULTS 19 

4.0 SUMMARY OF RESULTS 47 

SYMBOLS 49 

REFERENCES 50 


III 



LIST OF FIGURES 


Figure Title Page 

1 Sikorsky 4 Inch Dynamic Gear Tester 6 

2 Closed Loop Regenerative Gear Test Rig 7 

3 Test Gear Four Inch Dynamic Gear Tester 9 

4 Test Rig with Hist Lubrication System Attached 10 

5 Mist Lubrication Air Delivery System - Schematic 11 

6 NASA Mist Nozzle 12 

Calibration Curves for Power Losses In Varldrlve and 17 

Slave Gearbox 

8 Heat Balance Schematic Calibration Test Run 18 

9 Nozzle Positions for Preliminary Tests 20 

10 Heat Balance Schematic - Preliminary Tests and 27 

Step Speed Tests 

11 Heat Output Q ou ^ - Nozzle Positions Preliminary Tests 28 

12 Right Side Gear Set - Step Speed Testing at 20,000 rpm 34 

13 Left Side Gear Set - Step Speed Testing at 20,000 rpm 35 

14 Test Gearbox Gear Assembly - Step Speed Testing at 36 

20,000 rpm 

15 Heat Balance Schematic for Jet Spray Tests 39 

16 Heat Flow Q ou ^ for Mist Lubrication and Jet Spray Tests 41 

17 External Oil Feed for Mist Generator 42 

18 Mist Lubrication Endurance Test 27 Hour Inspection 43 

19 Aspirator Schematic 45 


PAG£ BlAHK MOT FUiC^ 


V 



LIST OF TABLES 

Table Title Page 

1A Test Gearbox Calibration Test Results (SI Units) 15 

IB Test Gearbox Calibration Test Results (Customary Units) 16 

2A Preliminary Test Results - Mist Lubrication (SI Units) 21 

Lubricant MIL-L-23699 

2B Preliminary Test Results - Mist Lubrication (Customary 22 

Units) Lubricant MIL-L-23699 

3A Preliminary Test Results - Mist Lubrication (SI Units) 23 

Lubricant XRL-850A 

3B Preliminary Test Results - Mist Lubrication (Customary 24 

Units) Lubricant XRL-850A 

4 Preliminary Test Results, Gear Tooth Surface Examination 26 

5 Comparison of Sikorsky Aircraft and Exxon Data 30 

6A Step Speed Tests - Mist Lubrication (SI Units) 31 

6B Step Speed Tests - Mist Lubrication (Customary Units) 32 

7A Step Speed Test - Jet Spray Lubrication (SI Units) 37 

7B Step Speed Tests - Jet Spray Lubrication (Customary Units) 38 

8 Emergency Aspirator Mist Lubrication Tests 46 


VII 


PAGE BLANK N0T'FKJfcG& 



SUMMARY 


?r u.dib moi/s (15 SCFM) per mesh and was directed into the out of mA 

Xfa'&vdsr use °"" ^ s* 1 

A comparison of mist lubrication to conventional iet sorav inhHratirm 

? 0 as 34 co x d s e a d™ ^Mr* t “ t#d ssd"sssr;? 

' iu pa (150,000 psi ) while the gear tester was ooerated at in- 
creasing speeds, in increments of 2,000 rpm, from 10,000 rpm to 20,000 rpm. 

tn thf JubHcation mode, cooling air was supplied at 366K (200°F) 
to the out of mesh location of the gear sets The mi ct pin U a C 

condition in the mist lubrication mode system could*be improved if thp 
» r f d ^^l=ant/aTr flow ratio were “creased. Twlver (he 

vl?5eI U coild Jo°? be S obtafnId? Perat1n9 at WaX1 ' n,Un, Capacity and 
mentioned^ tests f°*" the *“* 9earbox Was establishKl for all the afore- 

The^f xi h esta? f ?y“| br JS«? n i t K S * S W f! a « el "P ted using two lubricants. 

ester (MIL-L-23699) lubricant test was halted after 90 minutes 

enH°fhic tl0n u Ue t ° a , gear failure. The gears tested were old test gears 
and this may have influenced the test results. A successful 50 hnnr 9 toQ+ 

at 1 ?? onn°yn Ula >h synthetic hydrocarbon (XRL-850A) lubricant was conducted 
at 14,000 rpm with a gear contact stress of 10.34 X 10 s Pa (150 000 nsil 
Cooling air was supplied at 366K (200O F ) at a rate of 0 316 mol/s M Jpfmi 

a? d 3fifik ??nnOF\ r/1 Ii b ?J C o nt /u tio per nozzle was 0-063 mol/s (3 SCFM^of air 

and lubricatio^systenh' 6 "" VUl " erab,e 

An emergency lubrication system using an aspirator mist/air system was 
incorporated on the test gearbox and two lubricants weJe tested a? S! 
creasing speeds, in increments of 2,000 rpm from 10 000 rcrni tn ir nnn 
The gear contact pressures tested were 6^5 p“ loa^ioo^ooo Jsif and^’ 



SUMMARY (continued) 

10.34 x 108 Pa (150,000 psi). 

In addition, an endurance test of the emergency aspirator mist air system 
was conducted at 14,000 rpm using MIL-L-23699 ester lubricant. The gear 
contact pressure was constant at 10.34 x 10 8 Pa (150,000 psi) and the 
aspirator air was supplied at ambient temperature at a rate of 0.074 mol/s 
(3.5 SCFM) and an oil flow rate of 1.52 cc/minute. These results demon- 
strate that a simple aspirator mist system is a good candidate for an 
emergency lubrication system in helicopter transmission and was operable at 
rather severe conditions for periods up to five hours without failure. 
Further testing of the aspirator mist air system should be pursued. 
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1.0 INTRODUCTION 


A typical helicopter main transmission contains spur, helical, 
planetary and spiral bevel gears. These gear sets are usually 
supported by anti -friction bearings and lubricated by oil which 
is supplied under pressure from a recirculating pump. Oil is 
drawn from a sump and transferred through cored and/or external 
lines to an oil cooler. Pressurized oil is then fed to various 
nozzles or jets located throughout the gearbox. 

Military helicopters equipped with this type of lubrication system 
are susceptible to sudden loss of lubricant, due to small arms fire, 
particularly in the area of the externally mounted oil cooler which 
presents a relatively large vulnerable area. A possible alterna- 
tive lubrication system is a once-through oil-mist system. The 
principle of mist lubrication is the atomization of lubricating oil 
with compressed air into a fine oil mist in a mist generator and 
the transfer of airborne oil to the required areas. Additional 
air for cooling is provided separately. This program was directed 
to evaluate the applicability of a once-through mist system to the 
lubrication of helicopter spur gears, A complete evaluation of 
bearing lubrication, wear rates, debris removal, fatigue corrosion 
and seal problems would require long term tests and was not con- 
sidered in this program. 

The mist lubrication concept is an accepted technique for low speed 
applications particularly in the machine tool trade. It offers the 
potential advantages of increased gearbox efficiency. Since, in a 
mist lubrication system, a very fine fog is used for actual gear 
lubrication, and air is used as the primary system coolant, the 
losses must be balanced against the necessary power required to 
provide an adequate flow of cooling air. It has been established 
that mist lubrication of a high performance aircraft gear rig (i.e., 

Ryder Gear Tester) is technically feasible (see Appendix 2). 

However, practical applicability to aircraft transmission will 
depend both on lubrication performance and on power requirements 
for cooling the gears. 

This report covers the work performed under NASA Contract NAS3-18538. 

This work is closely related to other recent NASA studies on Mist 
Lubricant Application Systems, (I, 2, 3, 4, and 5) but differs 
since the tests are conducted on actual gears in a dynamic system, 
under loads and speeds which simulate helicopter transmission opera- 
ting conditions. Preliminary system studies were conducted for 
NASA Contract NAS3-16825 (see Appendix 2) to determine optimized 
mist lubrication parameters for once-through lubrication on a 
simulated helicopter spur gear mesh. 

The object of this program was to apply the same mist lubrication 

parameters to the Sikorsky Aircraft test gearbox and expand the 

tests previously conducted for NASA Contract NAS3-1S825 (see Appendix 2). 
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The optimized mist lubrication system selected from the initial 
tests was then applied to the test gearbox at various speeds using 
two lubricants supplied by NASA. Tests were repeated using a con- 
ventional recirculating spray lubrication system. 

The heat generated in the test box was obtained and a heat balance 
was established for each test run. An analysis of the significant 
performance parameters was conducted. 

Based on test experience gained and the subsequent data generated, 
a severe test condition was selected and 50 hour endurance tests of 
the mist lubrication system were attempted using the two test 
lubricants. 

Study of an emergency lubrication system, using an aspirating device 
was also conducted. Tests of the emergency lubricating system at 
various speeds and two lubricants were run. A five (5) hour en- 
durance test of this system was conducted at a severe test condition 
and with one lubricant. 
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2*0 TEST EQUIPMENT 
2.1 Sikorsky Test Ria 

A Sikorsky designed test facility, incorporating a closed looo re- 

Sl at W eSt f xt “ r ?’ "sure 1. was used to evalS^ the iSbrt- 

tain?nn S +uJ e !ot» ll I"! test fac ’" ll ‘ t y> two gearboxes, each con- 
■ci sets °T Test gears, are connected by shafts mounted nn 

bores b S Th?^ P 3iKn whic !! redu ?? interactions between the two gear- 
+ arrangement permits up to four sets of gears to be 

tested simultaneously (see Figure 2). 

I?-’’ 5 ar |.P ilot ? d o" outboard end of the gearbox 
shafts. This configuration permits ready access for gear inspection 

?M„!^I ac ??5 t - J'Tn 1s transmitted to the gears by foJ? olSse 
tolerance bolts which also retain the gears on the shafts. A 59 7 
Kilowatt (80 hp) varidrive electric motor supplies the necessary* 
drive power to overcome the friction of the system. A vee belt 
drive transmits the power to the closed loop system via a spur gear 
set with a 3.3:1 ratio connected to the slave test box. P 9 

I?^l- S , ap ? T i ed t0 the systm by the relative angular displacement 
hnnffjf* p I ates ° n on - of tbe con necting shafts, strain gages 
bonded in a torque sensing orientation to the connecting drive 
shafts and wired to a SR-4 strain indicator are used to measure 
system torque while the load is being applied. System windup 
provides adequate sensitivity to obtain the desired torque levels. 

Each gearbox is equipped with an independent lubrication system 
which operates at flow rates of up to 0.019m 3 /min (5 gpm) V The oil 
reservoir in each system has a capacity of o/o57^ ; (15 P gailoiis) 

p« cr Mi f ]rt e biSSkS? supp1y Hne ” a1nta1ns 011 c1ea "” ness 

Jar;. j ] ^ e whl| e f la?! 

5[e A 1° V/ °! 1 P ressure switch protects 
the facility from failures due to malfunctioning oil pumps, ruptured 

S JJT 5 ’ o1 lJ eve l ^ either sump. Excessive oil tempera- 

ture also activates the shutdown system. Magnetic type chip P 

? r k ‘] nc 2 1 TP orated to stop the test if metallic particles 
enter the lubrication system. 1 

at m in S nnn !£m th ™ dicato r was used whe n operating the gear tester 

I hls devi ? e com P a fos an input signal from a magnetic 
tooth contactor (on a cycle per cycle basis) to an internal siqnal 

signal ^TfV? ^ich is phase locked to the contactor 

If a . to °th is missing, the comparison on that cycle 
^L 9 F S a T f lip : fl°p which trips the motor relay to shut off the 
machine. The time from detection to relay shutoff is approximately 
equal to the relay closing time. There is one circuit f Sr each 
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drive motor variorive unit 



FIGURE 2 CLOSED LOOP REGENERATIVE GEAR TEST RIG 



of the eight gear positions. When a bending failure occurs, which 
results in the loss of a gear tooth, lights on the instrument panel 
will indicate not only which gearbox is affected but in which of the 
four possible gear positions the failed gear can be found. If the 
test machine shuts down because of low oil pressure, low oil level, 
chip detection, or a recorder malfunction (high temperature), this 
information V/ill also be indicated by an appropriate light on the 
instrument panel. 

2.2 Gears and Lubricants 

Test gears were obtained from the same source as the test gears 
used in the Exxon tests for work conducted under NASA Lewis Research 
Center Contract NAS3-16825. This ensured that both sets of gears 
were made from the same heat of material and forged and machined by 
the same manufacturer. The gear design, tolerancing and tip relief 
was produced by Sikorsky Aircraft and is typical for gears used in 
modern helicopter designs. Sixty-five (65) test gears, Sikorsky 
Aircraft part number 61050-35080-102, were ordered and used (see 
Figure 3) . 

The two (2) test lubricants used in the testing were: 

(a) Exxon Turbo-oil 2380, a type II ester, conforming to MIL-L-23699 

(b) Mobil XRL-850A, a formulated synthetic hydrocarbon, used in 
a previous contract (4). 

2.3 Lubrication Systems 

The mist lubricating system developed at Exxon Research Laboratories 
(Appendix 2) required extensive modification prior to installation 
on the existing Sikorsky Aircraft test gearbox. The final configura- 
tion of test gearbox and mist lubricating system is shown in Figure 4. 

2.3.1 Mist Lubrication System 

The Sikorsky test gearbox has a two mesh system and consequently 
required higher oil feed rates than were used by Exxon for their 
one mesh test box. Oil consumption was not known until completion 
of each test when the pretest and post-test oil quantities were 
compared. A schematic of the final plumbing arrangement is shown in 
Figure 5. 

The oil mist generator used was a Norgren type part number 10-015-002. 

The oil mist nozzles used were supplied by Exxon Research Laboratories 
and are depicted in Figure 6, The mist air was supplied to the 
Norgren generator through a rotorneter and a Chroma! ox MT0-220A heater. 
Temperature control was maintained by a thermostatically activated 
Variac at 366K (200°F). 
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FIGURE 3 TEST GEAR - FOUR INCH DYNAMIC GEAR TESTER 







ROTOMETERS 


INFRARED THERMOMETERS 


TEST GEARBOX 


THERMOMETER STAND 


FIGURE 4 TEST RIG WITH MIST LUBRICATiON SYSTEM ATTACHED 
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1- COOLING AIR NOZZLE 

2 - MIST CLASSIFIER NOZZLE 

3 “ ROTOMETER 

4 - AIR VALVES 

5 - INFRARED THERMOMETERS 


FIGURE 5 MIST LUBRICATION AIR DELIVERY SYSTEM - SCHEMATIC 








Auxiliary air and the air/oil mist were combined prior to the nozzles 
to achieve 0.053 to 0.063 mol/s (2.5 to 3 SCFM) total flow at each 
nozzle. Auxiliary air flow was measured using a rotometer. Tape 
heaters, wrapped around the supply lines, permitted an increase in 
air temperature to 366K (200°F). 


Separate cooling air. which was fed through a 2,000 watt heater to 
maintain a 366K (20Q°F) temperature, was directed to impinge each 
gear at the "out of mesh" area. Total cooling air flow rate was 
0.316 mol/s (15 SCFM) per mesh. 


Temperatures were measured using iron-coristantan thermocouples and 
were continually recorded on a strip recorder. The thermocouples 
were located on the air-in, air-out, oil -in, oil -out lines, adjacent 
to bearings, and at other strategic locations. Infrared thermometers, 
supplied by Exxon, were used to measure the apparent tooth and bulk 
temperatures of the test gears. The Exxon-supplied tripod stands 
for the mounting of the infrared thermometers could not be adapted 
to the Sikorsky .test box. A heavy, wide based angle. iron frame was 
constructed to custom mount both units in a rigid assembly. Sight 
tubes using a calcium fluoride window were positioned in the test 
gearbox housing and cover to allow the infrared thermometers to 
focus on the selected test gear. 


A Cox flow turbine installed in each oil input line was used to 
measure oil flow rates. Pump output and last jet oil pressures 
were measured to monitor pump operation and gearbox pressure drops. 

2.3.2 Aspirator Mist Lubrication System 

The emergency aspirator mist lubrication system installed on the 
test gearbox used a graduated container placed beneath the test 
gearbox to simulate a limited capacity oil reservoir. Two aspirator 
nozzles were bonded into the test gearbox and shop air was connected 
to the nozzles and oil reservoir by rubber and copper tubing. The 
aspirator nozzle was obtained from a commercial supplier of medical 
spray devices and the approximate dimensions of the nozzle are 
depicted in Figure 19. A schematic of this system is shown also in 
Figure 19. 

2.4 CALIBRATION 

2.4.1 Test Gearbox 

Thermal calibration of the test gearbox was performed in order to 
determine a practical heat leakage coefficient, K, for use in sub- 
sequent heat balance computations. Gears were removed from the 
test gearbox and electrical heater rings inserted. The ventilating 
system, normally in use during testing, was operated. The electrical 
input to the heaters recorded along with gearbox case temperatures, 
Tc, and ambient temperature, Ta, When the temperatures stabilized, 
the data was recorded and the heat leakage coefficient for the test 
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box was determined. The recorded run consumed 400 watts with Tc = 
340K (152.5°F) and Ta = 293K (68°F). From this an equation for evalua- 
ting the heat loss due to conduction and radiation was established for 
the test gearbox. 

Q 5 = K (Tc - Ta) watts/K Where K = 8.53 watts/K 


or 


Q 5 = K (Tc - Ta) btu/min F Where K = 0.27 btu/min F 

2.4.2 Test Installation 

Thermal calibration of the complete test installation was performed 
to evaluate the efficiency of the electric motor and varidrive. 

The slave and test gearboxes were operated at various loads and 
speeds using a conventional recirculating jet spray lubrication 
system and MIL-L-23699 lubricant. Each test was conducted until 
temperatures stabilized (1 hour maximum). A heat balance was conduct- 
ed for each condition. The operating conditions and results are ta- 
bulated in Table 1A & IB with a graphical representation of the 
data shown in Figure 7. A schematic representation of the heat 
balance, used to determine the test rig calibration is shown in 
Figure 8 and a sample calculation of the heat transfer data is 
shown in Appendix 1. 

2.4.3 Infrared Thermometers 


Attempts to calibrate the infrared thermometers proved to be both 
time consuming and unsuccessful. The calibration technique used by 
Exxon Research Laboratories was initially employed. A gear, with a 
thermocouple attached, was heated on a hot plate in a nitrogen 
environment. Gear temperature was measured by the thermocouple 
while the infrared thermometer output was recorded using the calcium 
fluoride windowed sight tube used in the tests. Readings were taken 
over a range of emissivity settings. However, the infrared thermo- 
meter and actual temperature data could not be correlated within 
a reasonable degree of confidence. 

The infrared thermometers were examined by the manufacturer, 
found to be defective and reworked. The calibration method was 
modified to account for the changing emissivity of the rotating 
gear due to a combination of black gear tooth top land and root surface, 
with bright steel on the tooth flank. The gear was heated in an. oven 
and temperature readings from thermocouples on the oven and the in- 
frared thermometer readout temperatures were recorded. No satis- 
factory correlation between infrared thermometer output and oven 
temperature was obtained with the new calibration procedure and it 
was decided to utilize the instruments in a purely qualitative 
function as an indication of possible impending gear failure. 



Test 

Run 

Speed 

krpm 

Temperature 
Gearbox 
Tc (K) 

PLV 

M/S 

Cl 

10 

311 

53.20 

c 2 

10 

131 

53.20 

C3 

10 

319 

53.20 

C 4 

10 

325 

53.20 

c 5 

12 

319 

63.84 

C 5A 

12 

327 

63.84 

C6 

14 

323 

74.48 

C 6A 

14 

336 

74.48 

C7 

16 

338 

85.12 

C 7A 

16 

345 

85.12 

c 8 

18 

347 

95.76 

C 8A 

18 

352 

95.76 


Contact 
Stress 
(Pa) x 10 8 

(T 

6.895 

10.34 

13.79 

0 

10.34 

0 

10.34 

0 

10.34 

0 

10.34 


mm 

Ql 

Service Oil 
Test Box 
(Watts) 

9,277 

1,649 

9,397 

1,645 

10,596 

2,165 

11,796 

2,868 

10,996 

2,211 

12,995 

1,848 

13,795 

2,569 

15,394 

2,274 

16,994 

2,478 

18,393 

2,934 

20,794 

2,975 

22,389 

3,274 


Q4 

Leakage 
Vari drive 
(Watts) 

Q5 

Leakage 
Test Box 
(Watts) 

7,502 

128 

7,624 

128 

8,260 

171 

8,724 

204 

8,638 

147 

10,929 

218 

11,065 

161 

12,878 

242 

14,288 

228 

15,183 

266 

17,556 

261 

18,806 

308 


PLV = Pitch Line Velocity 


Test 

Time 

(Minutes) 

60 

60 

30 

30 

60 

30 

60 

25 

45 

30 

30 

25 


ai 







TABLE IB TEST GEARBOX CALIBRATION TEST RESULTS (CUSTOMARY UNITS) 


Test 

Run 

Speed 

krpm 

Temperature 
Gearbox 
Tc (F) 

PLV 

( ft/mi n) 

Contact 

Stress 

(psi) 

Qin 

Input 

(BTU/Min) 

Qi 

Service Oil 
Test Box 
(BTU/Min) 

Q4 

Leakage 
Vari drive 
(BTU/Min) 

Qs 

Leakage 
Test Box 
(BTU/Min) 

Test 

Time 

(Minutes) 

Cl 

10 

101 

10,472 

0 

527.90 

93.84 

426.77 

7.29 

60 

C2 

10 

104 

10,472 

100,000 

534.75 

83.60 

433.84 

7.29 

60 

c 3 

10 

114 

10,472 

150,000 

602.99 

123.20 

470.07 

9.72 

30 

C 4 

10 

125 

10,472 

200,000 

671.26 

163.20 

496.45 

11.61 

30 

C5 

12 

114 

12,566 

0 

625.75 

125,80 

491.58 

8.37 

60' 

C 5A 

12 

130 

12,566 

150,000 

739.50 

105.14 

621.96 

12.42 

30 

C6 

14 

122 

14,661 

0 

785.03 

146.20 

629.66 

9.18 

60 

C 6A 

14 

145 

14,661 

150,000 

876.04 

129.43 

732.84 

13.77 

25 

c 7 

16 

149 

16,755 

0 

967.06 

141.02 

813.08 

12.96 

45 

C 7A 

16 

162 

16,755 

150,000 

1,046.70 

166.98 

864.00 

15.12 

30 

c 8 

18 

166 

18,850 

0 

1,183.23 

169.30 

999.08 

14.85 

30 

C 8A 

18 

* 175 

18,850 

150,000 

1,274.10 

186.33 

1,070.20 

17.55 

25 

- 


PLV = PITCH LINE VELOCITY 




Q1X 10.2 

WATTS BTU/ 
MIN 


ru/j 
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FIGURE 7 CALIBRATION CURVES FOR POWER LOSSES IN VARIDRIVE AND SLAVE GEARBOX 



FIGURE 8 HEAT BALANCE SCHEMATIC CALIBRATION TEST RUN 
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3.0 TEST PROCEDURE AND RESULTS 

3.1 Preliminary Mist Lubrication Tests, 

Preliminary tests ware conducted to determine the optimum mist nozzle 
position and the air/oil ratio for the Exxon supplied mist lubrication 
system operating on the Sikorsky two (2) mesh gearboxes. 

3.1.1 Test Procedure 

A conventional oil jet lubrication system was used J2 e „ s J?boy 3 was" 
box and for the test gearbox service bearings. # The test gearbox was 
fitted with the mist lubrication system (see Figure 4). One mist 
nozzlp position was permanently set in the radial position for °ne 
set of qears, while the second gear mesh was lubricated by a moveable 
nozzle so that the following positions were obtainable (see figure 9). 

(a) Radial position 165° before mesh point 

(b) Axial position 90° before mesh point with nozzle 
canted 15° in the direction of gear rotation 

(c) Tangential position 68° before mesh point 

A series of 38 individual tests were conducted at 10,000 rp.nl with 
cooling 5 air flow constant at 0.316 mol/s (15 SCFM) per mesh and 
mist air constant at 0.063 mo'l/s per mesh. Nozzle position, tooth 
inadina lubricant/air mass flow ratios were varied using two 
lubricants. Heat flows were calculated for each test and are shown 
in Table 2A (SI units). Table 2B Customary units for ^-23699 
and Table 3A (SI units). Table 3B (Customary units) f °r Jtobil . XRL- 
850A lubricant. A sample calculation is included in Appendix 1 and 
a schematic of the heat balance is depicted in Figure 10. Test 
gear!, were visually inspected at the termination of each test. 

3,1.2 Results and Discussion 

Initially MIL-L-23699 oil from the same batch number as used for the 
Exxon tests was to be used since sufficient quantities of the original 
oi^e not available MIL-L-23699 oil from a similar batch was used. 

A calcium fluoride window on the infrared thermometer sight tube was 
found to be defective causing cooling air leaks. A new calcium 
fluoride window was fitted and attempts to recalibrate the corres- 
ponding infrared thermometer highlighted the inaccuracies of the 
temperature readout. The infrared thermometer temperature 
measurements were not used as "actual" temperatures but as refer- 
ence temperatures in ascertaining impending gear failure. 

Tesfina at 13.79 x 10 8 Pa (200,000 psi) tooth pressure caused 
extensive damage to the test rig when gear tooth failure occurred. 
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FIGURE 9 NOZZLE POSITIONS FOR PRELIMINARY TESTS 



ORIGINAL BASS IS 
OP POOR QUALITY 


TABLE 2A — PRELIMINARY TEST R ESULTS - .MIST LUBRICATION (51 UNITS) 

Lubricant MIL-L-23699 Speed 10,000 rpni 0.316 mol/s Cooling Air Per Mesh 

0.0632 mol/s Total Mist Air Per Mesh 


Run 

No. 


Gear 
Contact 
Stress 
(PaxlO-8) 


Nozzle 

Position 
** 


Temperature 
Gearbox 
Tc (K) 


Qin 

Input 

(Watts) 




Service 
Test Box, 
(Watts) 


Q2 

Air 

(Watts) 


Q 4 

Leakage 
Vari drive 
(Watts) 


Q5 

Leakage 
Test Box 
(Watts) 


Qout 

Output 

(Watts) 


Gross 
Balance 
% 


oft 

dc/hrj 


Test 
Time 
Minute I 


1 

2 

3 

4 

5 

6 

7* 

7R 

8 

9 

10 * 

11 * 

12 * 

13* 

14* 

15* 

16 

17 

27* 

I27R+* 


6.895 
6.895 
6.895 
6.895 
6. 895 
6.895 
6.895 
6.895 
6.895 
6.895 
10.34 
10.34 
10.34 
10.34 
10.34 
10.34 
10.34 
10.34 
13.79 
13.79 


T 

T 

T 

A 

A 

A 

A 

R 

R 

R 

T 

T 

T 

A 

A 

A 

R 

R 

R 

R 


273 

420 

352 

352 

346 

347 

341 
347 
345 
350 
364 

360 

364 

366 

366 

344 

349 

326 

342 


7,397 

7,397 

7,397 

7,597 

7,797 

7,797 

8,197 

7,797 

7,797 

7,597 

13,594 

16,993 

16,793 

10,996 

10,996 

18,393 

9,995 

19,992 

19,992 


2,307 

2,417 

2,802 

934 

1,373 

1,373 

989 

1,154 

1,209 

1,264 

1,099 

1,154 

165 

110 

55 

1,428 

110 

-55 


- 620 
- 821 

• 718 

- 594 
-1,341 
-1,294 
-1,208 

- 639 

■ 839 

• 830 

■ 137 

• 369 

21 

22 

17 

32 

397 

336 

168 


7,556 

7,556 

7,556 

7,556 

7,556 

7,556 

7,556 

7,556 

7,556 

7,556 

8,171 

8,171 

8,171 

8,171 

8,171 

8,171 

8,171 

8,171 

8,786 

8,786 


256 

270 

318 

370 

332 

346 

370 

389 

365 

399 

584 

536 

555 

560 

565 

394 

446 

223 

342 


9,499 

9,423 

9,958 

8,267 

7,920 

7,981 

7,707 

8,260 

8,241 

8,388 

9,716 

9,493 

8,912 

8,863 

8,808 

10,026 

8,330 

8,673 

8,905 


128 

12 ? 

135 

109 
102 
102 

94 

106 

106 

110 
72 

56 

52 

81 

.80 

55 

83 

43 

45 


19.0 

26.0 

3.0 

6.0 
10.0 

11.5 

3.5 

9.0 

13.0 

4.0 

15.0 

15.0 

20.0 

31.0 

37.5 

12.0 

35.0 

50.0 

21.0 


60 

60 

60 

60 

26 

25 

25 

30 

25 

30 

13 

2 

10 

11 

30 

30 

30 

30 

6 

8 


+ Increased Cooling Air Flow 0.421 mol/s 
** T = Tangential A = Axial R = Radial 
* Gear Scored or Failure 



TABLE 2B PRELIMINARY RESULTS MIST LUBRICATION (CUSTOMARY UNITS) 


Lubricant - MIL-L-23699 Speed - 10,000 rpm 15 scfm Cooling Air/Mesh 

3 scfm Total Mist Air/Mesh 


Run 

No. 

Gear 

Contact 

Stress 

(kpsi) 

Nozzle 

Position 

** 

Temp. 
Gearbox 
Tc (F) 

Qin 

Input 

(Btu/Min) 

Qi 

Service 

Oil 

Testbox 

(Btu/Min} 

92 

Air 

(Btu/Min} 

Leakage 

Vari- 

drive 

(Btu/Min} 

' 95 

Leafcage 

Testbox 

(Btu/Min} 

Qout 

Output 

(Btu/Min} 

Gross 
Bal ance 
% 

W 4 

Oil 

(oz/hr} 

Test 

(Mins) 

1 

100 

T 

161 

420.94 

131.30 

-35.29 

430 

14.58 

540.59 

128 

0.643 

60 

2 

100 

T 

167 

420.94 

137.55 

-46.71 

430 

15.39 

536.23 

127 

0.879 

60 

3 

100 

T 

174 

420.94 

159.43 

-40.87 

430 

18.09 

566.65 

135 

0.101 

60 

4 

100 

A 

175 

432.32 

53.14 

-33.78 

430 

21.06 

470.42 

109 

0.203 

60 

5 

100 

A 

163 

443.70 

78.15 

-76.33 

430 

18.90 

450.72 

102 

0.338 

2G 

6 

100 

A 

166 

443.70 

78.15 

-73.56 

430 

19.71 

454.20 

102 

0.389 

25 

7* 

100 

A 

155 

466.45 

56.27 

-68.73 

430 

21.06 

438.60 

94 

0.304 

25 

7R 

100 

R 

166 

443.70 

65.65 

-47.73 

430 

22.14 

470.06 

106 

0.118 

30 

8 

100 

R 

162 

443.70 

68.77 

-50.57 

430 

20.79 

468.99 

106 

0.304 

25 

9 

100 

R 

171 

432.32 

71.90 

-47.24 

430 

22.68 

477.34 

110 

0.440 

30 

10* 

150 

T 

195 

773.62 

62.52 

- 7.82 

465 

33.21 

552.91 

72 

0.135 

13 

11* 

150 

T 




* 

— 

465 

— 

— 

— 

0.507 

2 

12* 

150 

T 

188 

967.03 

65.65 

-20.97 

465 

30.51 

540.19 

56 

0.507 

10 

13* 

150 

A 

195 

955.65 

9.38 

1.18 

465 

31.59 

507.15 

52 

0.676 

11 

14* 

150 

A 

199 

625.72 

6.25 

1.27 

465 

31.86 

504.38 

81 

1.048 

30 

15* 

150 

A 

199 

625.72 

3.13 

0.99 

465 

32.13 

501.25 

80 

1.263 

30 

16 

150 

R 

160 

1046.67 

81.28 

1.83 

465 

22.41 

570.52 

55 

0.406 

30 

17 

150 

R 

169 

568.84 

6.25 

-22.59 

465 

25.38 

474.04 

83 

1.184 

30 

27* 

200 

R 

127 

1137.68 


-19.11 

500 

12.69 

493.58 

43 

1.691 

6 

27 R+* 

200 

R 

157 

1137,68 

-3.13 

- 9.57 

500 

19.44 

506.74 

45 

0.710 

3 


+ Increased cooling air flow 20 scfm/mesh 

* Gear scored or failure 

** T = Tangential A = Axial R = Radial 




TABLE 3A preliminary test results mist lubrication (si units) 


Lubricant XRL 850A Speed 10,000 rpm 


0.316 mol/s Cooling Air per Mesh 
0.0632 mol/s Total Mist Air per Mesh 



+ Run conducted at 12,300 rpm 

* Gear scored or failed 

** T ~ Tangential R s Radial A = Axial 




>0 

-p* 


Lubricant - XRL-850A 


TABLE 3B PRELIMINARY TEST RESULTS MIST LUBRICATION (CUSTOMARY UNITS) 

.RL-850A Speed 10,000 rpm 15 scfm Cooling Air per Mesh 

3 scfm Trt~-1 Mist 7ir per Mesh 


Run 

No. 

Gear 

Contact 

Stress 

(kpsi) 

Nozzle 

Position 

** 

Temp. 
Gearbox 
Tc (F) 

28 

100 

T 

155 

29 

100 

T 

150 

30 

100 

T 

150 

31 

100 

A 

148 

32 

100 

A 

152 

33 

100 

A 

151 

34 

100 

R 

155 

35 

100 

R 

149 

36+ 

100 

R 

165 

37 

150 

T 

170 

38 

150 

T 

166 

39 

150 

T 

171 

41* 

150 

A 

142 

42* 

' 150 

A 

175 

43* 

150 

R 

169 

44 

150 

R 

168 

45 

150 

R 

168 

54* 

200 

R 

157 


Qin 

Input 


Ql 

Service 

Oil 

Testbox 


Q4 

Leakage 

Vari- 

driye 


Leakage 

Testbox 


500.58 

2.79 

-41.20 

430 

17.28 

500.58 

5.86 

-46.28 

430 

18.09 

500.58 

2.90 

-50.84 

430 

17.01 

500.58 

2.93 

-50.73 

430 

17.55 

500.58 

2.90 

-51.83 

430 

17.01 

489.20 

8.69 

-99.32 

430 

16.20 

500.58 

0 

-39.33 

430 

17.82 

500.58 

2.75 

-39.11 

610 

18.09 

648.40 

5.86 

-31.56 

450 

21.33 

546.09 

6.01 

! -44.50 

465 

22.41 

568.84 

6.23 

-48.91 

465 

22.68 

546.09 

5.86 

-42.84 

465 

21.33 

1,092.17 

2.93 

-63.19 

465 

15.93 

557.46 

3.01 

-43.51 

465 

22.95 

546.09 

5.86 

-43.62 

465 

21.60 

537.46 

2.93 

’-44.94 

465 

22.68 

557.46 

-2.93 

-35.07 

465 

20.79 

1,114.93 

14.66 

-53.16 

500 

19.98 


Output 

(Btu/Min) 

Gross 

Balance 

% 

Oil 

(oz/hr) 

Test 

Time 

(Mins 

408.87 

82 

0.304 

30 

407.67 

81 

0.507 

30 

399.07 

80 

0.981 

30 

399.75 

80 

0.237 

30 

398.08 

80 

0.372 

30 

355.57 

73 

1.082 

30 

408.49 

82 

0.101 

30 

411.73 

82 

0.372 

30 

584.13 

90 

1.792 

30 

448.92 

82 

0.507 

30 

445.00 

78 

0.879 

30 

449.35 

82 

1.319 

i 30 

420.67 

39 

0.879 

: 30 

447.45 

80 

1.522 

30 

448.44 

82 

0.473 

30 

445.67 

83 

0.643 

30 

447.79 

80 

1.285 

30 

481.48 

43 

1.014 

5 


+Run conducted at 12,300 rpm 
♦Gear scored or failure 
**T = Tangential A = Axial R --Radial 



The failure mode occurred suddenly with no evident increase of 
temperature or torque. Further testing at 13.79 x 10° Fa (200,000 
psi) tooth pressure was curtailed in order to minimize further damage 
to the test rig and to conserve the rapid depletion of test gears. 

The criteria used to determine the optimum mist nozzle position was: 

(a) Visual examination of the test gears 

(b) Heat generation (Q ou t) of the test gearbox 

Visual examination of the test gears was sufficient to compare the 
condition of the contact surfaces and was abt£ to be accomplished 
without the time consuming removal of the gears for bench measure- 
ments. Based on the scoring and/or failure data, shown in Table 4 
the best nozzle position was radial followed .by the tangential and 
axial positions. 

The heat flow criteria (Q ou t) i s shown in Tables 2 and 3 with a 
graphical representation depicted in Figure 11. The axial mist 
nozzle position ranked higher than the radial position when com- 
paring the heat flow (Qout) a t the 6.895 x 10 8 Pa (100,000 psi) and 
10.34 x 10 8 Pa (150,000 psi) tooth pressure when using either of 
the test lubricants. 

The optimum mist nozzle position selected was the radial mode due 
to the fewer occurences of gear scoring in that position compared 
to the axial nozzle position. The slight thermal superiority of 
the axial position compared to the radial position does tend to 
confirm Exxon's choice (Appendix 2); however, their testing was 
more limited in both test duration and number of tests conducted. 

One obvious anomaly in the test was the air/oil ratio which 
varied from test to test. Oil flows from the Norgren mist generator 
were difficult to control precisely. The maximum, medium and minimum 
oil feed rates were obtained by an integral oil feed screw in the 
mist generator head and the actual oil feed rates were not known 
until the end of each test run when the reservoir oil depletion 
was measured. Exxon Laboratories encountered similar problems with 
the repeatability of the air/oil ratios when conducting their tests. 

The heat balance results produced from the test data did not give 
satisfactory conclusions. Contributing to this discrepancy was 
the unaccountable thermal phenomena due to the severe gear failures 
which occurred. Also contributing was the service oil leaks caused 
by the prolonged severe running conditions. These leaks combined 
with the mist air discharging into the test cell produced an oil 
laden atmosphere which the ventilation system could not absorb. 

This oil laden atmosphere coated the test rig and ancillary equip- 
ment with an oil film which modified the conduction and calibration 
factors used in determining the heat balance. 
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TABLE 4 PRELIMINARY TEST RESULTS 
GEAR TOOTH SURFACE EXAMINATION 


Gear Tooth 
Contact Pressure 

Radial Nozzle 
Position 

Axial Nozzle 
Position 

Tangential Nozzle 
Position 

6.895 x 10 8 P a 
(100,000 psi) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

• 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Test Run Number 

7R 

8 

9 

33 

34 

36 

4 

5 

6 

7 

31 

32 

33 

1 

2 

3 

28 

29 

30 

10.34 x 10 8 P a 
(150,000 psi) 

0 

0 

• 

0 

0 


1 

• 

9 

« 

• 


« 

• 

• 

0 

0 

0 

Test Run Number 

16 

17 

43 

44 

45 


13 

14 

15 

41 

42 


10 

11 

12 

37 

38 

39 

13.79 x 10 8 P a 
(200,000 psi) 

1 

• 

• 



1 *■ 

Test Run Number 

27 

27R 

54 


0 Test Run 

0 Test Run with Scored or Failed Gears 








WATTS 
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XRL 8 50 A LUBRICANT A 
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13.79 X 10 8 Po 

(15 X 104 PSI) 

(20 X 104 PSI) 

A=AXI AL 

R=RAD!AL 


FIGURE 11 HEAT OUTPUT Q out - NOZZLE POSITIONS PRELIMINARY TESTS 
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The negative heat flow Q2 Was attributed to the relatively lower 
test qearbox temperatures compared to the cooling and mist air 
inlet temperatures of 366K (200°F). Also the short time P ef ^° of 
the air impinging on the hot gear teeth compared to the more lengthy 
time spal of the air passing through the cooler test gearbox 
favored a negative heat flow. The refrigeration effect due to the 
mist air flowing through the nozzles was found to be minor and dis- 
counted (see Appendix 2). 

3.1.3 Comparison of Sikorsky Aircraft and Exxon .Tests. 

A survey of the Exxon tests (Appendix 2) revealed two tests which 
were conducted at speeds, loads, nozzle position and lubricants 
similar to the Sikorsky mist lubrication tests. The relevant dat 
is pre^nted in Table 5. Comparison of the Exx.>n and Sikorsky 
Ai>rraft data was confusing due to differences in mist/air oil 
?l«ofand the cooMng llr 3 f1ows. consequently no correlation wen 

attempted . 

3.2 Step Speed Mist Lubrication Tests 

Using the optimized mist lubrication system, as determined in the 
preliminary tests previously conducted, a series of step speed 
tests iere performed on the Sikorsky Aircraft two mesh test gearbox. 

3.2.1 Test Procedure 

Cooling air flow was set at 0.316 mol/s (15 SCFM) per mesh, which 
was the maximum continuous output available on the test rig^ 
radial mist nozzle position was selected for both gear mesnes 
JrtS 1 mist air flo£ at 0.0632 mol/s (3 SCFM) per mesh and the o,l 
flow (W4) set at the maximum setting. The actual oil flows are 
rUjn'nn Tahip 6 Two lubricants were used and the test rig was 
operated with 10.34 x 10 8 Pa (150,000 psi) gear tooth contact stress. 
The qear tester was operated at progressively increasing speeds in 
increments of 2,000 rpm. Each test was conducted until temperature 
stabilization (up to 1 hour maximum). A heat balance was established 
for each 3 condition and the pertinent data s shorn in Tab es 6A * 6B. 
A sample calculation is shown jn Appendix 1 and a schematic of the 
heat balance is depicted in Figure 10. 

3.2.2 Results and Discussion 

Tests conducted with the MIL-L-23699 lubricant produced visual 

siqns of slight scuffing of the test gear tooth contact 

at speeds of 10,000, 12,000, 14,000 and 16,000 rpm. Each test was 

conducted for one (1) hour. 

No visible signs of scuffing were observed when using Mobil XRL-850A 
lubricant at speed of 14,000 rpm and 18,000 rpm. However, si ght 
scuffing was visually detectable at the lower test speeds of 10,000 
rpm and 9 l2,00Q rpm. Gear tooth failures occurred at speeds of 
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TABLE 5 COMPARISON OF SIKORSKY AIRCRAFT AND EXXON DATA 


Test Run 
Number 

Nozzle 

Position 

Tg 

Test Gearbox 
Temperature (K) 

Gear Contact 
Stress P a 

W 4 

Oil 

cc/hr 

Cooling Air 
Flow mol/s 

Total Air 
Flow mol/s 

q 2 h 2 * 

Air Watts 

*Exxon 7A 

Radial 


6.90 x 10 8 

19.2 

0.545 

0.611 

119 

+Sikorsky 7R 

Radial 

348 

6.895 x 10 8 

3.5 

0.316 

0.379 

-639 

+Sikorsky 8 

Radial 

345 

6.895 x 10 8 

9.0 

0.316 

0.379 

-889 

+Sikorsky 9 

Radial 

350 

6.895 x 10 8 

13.0 

0.316 

0.379 

-830 

*Exxon 11B 

Axial 

— 

10.35 x 10 8 

5.4 

0.610 

0.674 

34 

+Sikorsky 13 

Axi al 

364 

10.34 x 10 8 

20.0 

0.316 

0.379 

21 

-fSikorsky 14 

Axial 

364 

10.34 x 10 8 

31.0 

0.316 

0.379 

22 

•fSikorsky 15 

Axi al 

366 

10.34 x 10 8 

37.5 

0.316 

0.379 

17 


O O 
% W 



+ Data obtained from Table 2A Preliminary Test Results 
* Data obtained from Appendix 2 
Tests conducted at 10,000 rpm 
Test lubricant MIL-L-23699 




TABLE 5A STEP SPEED TESTS HIST LUBRICATION (SI UNITS) 


Gear tooth contact stress 10.34 x 10 8 Pa 
Total mist air per mesh 0.0632 mol/s 
Cooling air per mesh 0.316 mol/s 
Both mist nozzles in radial position 


Speed 

krpm 

Lubricant 

Temp. 
Gearbox 
Tc (K) 

Qin 

Input 

(Watts) 

Ql 

Service 
Test Box 
(Watts) 

Q2 

Air 

(Watts) 

Q4 

Leakage 
Vari drive 
(Watts) 

Qs 

Leakage 
Test Box 
(Watts) 

Qout 

Output 

(Watts) 

Gross 

Balance 

% 

W4 

Oil 

oz/hr 

Test 

Time 

(Mins) 

Gear 

Condition 

10 


353 

9,597 

464 

-720 

8,171 

394 

8,309 

i>7 

35 

60 

Scuffed 

12 


354 

11,795 

410 

-675 

10,016 

394 

10,146 

86 

32 

60 

Scuffed 

14 

XRL 

372 

15,194 

516 

-520 

12,828 

498 

13,322 

88 

35 

60 


16 

850A 

371 

* 

348 

-447 

15,288 

484 

15,673 

— 

36 

9 

Failure 

18 


367 

20,193 

55 

- 79 

18,803 

418 

19,086 

95 

36 

60 


20 


410 

* 

160 

-467 

22,844 

721 

23,873 

— 

32 

36 

Failure 

10 

MIL- 

342 

9,196 

185 

-670 

8,171 

299 

7,615 

83 

33 

60 

Scuffed 

12 

L- 

350 

11,595 

371 

-505 

10,016 

323 

9,463 

82 

37 

60 

Scuffed 

14 

23699 

355 

14,394 

62 

357 

12,828 

365 

12,898 

90 

36 

60 

Scuffed 

16 


363 

17,593 

192 

-366 

15,288 

408 

15,139 

86 

44 

60 

Scuffed 


* Readings beyond range of wattmeter 
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table 63 STEP SPEED TEST HIST LUBRICATION (CUSTOMARY UNITS) 


Gear tooth contact stress 150,000 psi 
Total mist air per mesh 3 SCFM 
Cooling air per mesh 15 SCFM 
Both mist nozzles in radial position 


Speed 

krpm 

Lubri- 

cant 

Temp. 

Gearbox 

Tc (F) 

Qin 

Input 

(Btu/Min) 

Qi 

Serv.Oil 
Test Box 
(Btu/Min) 

Q2 

Air 

(Btu/Min) 

Q4 

Leakage 
Vari drive 
(Btu/Min) 

Q5 

Leakage 
Test Box 
(Btu/Min) 

Qout 

Output 

(Btu/Min) 

Gross 
Bal ance 

W4 

Oil 

oz/hr 

Test 

Time 

(Mins) 

Gear 

Condition 

10 


176 

546.11 

26.38 

-40.98 

465 

22.41 

472.81 

87 

1.18 

60 

Scuffed 

12 


179 

671.23 

23.34 

-38.39 

570 

22.41 

577.36 

86 

1.08 

60 

Scuffed 

14 

XRL- 

211 

864.64 

29.35 

-29.58 

730 

28.35 

758.12 

88 

1.18 

60 


16 

850A 

208 

ic 

19.79 

-25.45 

870 

27.54 

891.88 

— 

1.22 

9 

Failure 

18 


202 

1,149.1 

-3.12 

- 4.52 

1,070 

23.76 

1,086.12 

95 

1.22 

60 


20 


279 

* 

-9.12 

26.60 

1,300 

41.04 

1,358.52 

— 

1.08 

36 

Failure 

10 


157 

523.33 

-10.55 

-38.12 

465 

17.01 

433.34 

83 

1.12 

60 

Scuffed 

12 

MIL-L- 

171 

659.85 

-21.10 

-28.75 

570 

18.36 

538.51 

82 

1.25 

60 

Scuffed 

14 

23699 

180 

819.13 

3.52 

-20.32 

730 

20.79 

733.99 

90 

1.22 

60 

Scuffed 

16 


194 

1,001.16 

-10.90 

-20.82 

870 

23.22 

861.50 

86 

1.49 

60 

Scuffed 


^Readings beyond range of wattmeter 




16,000 rpm and 20,000 rpm. 


Testing at 20,000 rpm with the Mobil XRL-850A lubricant produced a 
dramatic failure in the test gearbox which resulted in severe damage 
to the slave gearbox. Shaft support bearings in both gearboxes were 
damaged. The gear tooth failure in the test gearbox projected debris 
through a sight tube containing a calcium fluoride window and into 
the lens of the infrared thermometer causing extreme damage to the 
unit, The gear tooth condition of the right side mesh is shown in 
Figure 12. The left side mesh gear set is shown in Figure 13. The 
cooling air nozzle which was damaged in this incident is shown at the 
top center between the two gears. The spray jet shown on the bottom 
of Figure 13 was inoperative during all the mist lubrication tests. 

The assembled two mesh gear system is shown in Figure 14. The 
bulk of the debris generated was placed in front of the open gearbox 
as shown. In view of the severe damage sustained to the test rig, 
the remaining testing was limited to speeds up to 16,000 rpm. To pre- 
serve the rapidly depleting stock of test gears, previously run gears 
were used by installing the gears such that the reverse (unloaded) 
flank of the gear tooth would be subject to the working' side of the 
mesh. 

3.3 Jet Spray Lubrication Tests 

A series of step speed jet spray tests were conducted in a similar 
manner as those tests performed in the mist lubrication step speed 
testing with the exception that a jet recirculating lubrication 
system serviced the test gear lubrication and cooling. 

3.3.1 Test Procedure 


The normal jet recirculating lubrication system was installed on 
the test gearbox, as shown in Figure 1. The gear tester was then 
operated, using two lubricants. Flow rates are shown in Table 7A 
(SI units) and Table 7B (customary units) at increasing speeds, in 
increments of 2,000 rpm, from 10,000 rpm to 20,000 rpm. Each test 
was conducted at a tooth load equivalent to 10.34 x 10 “ pa contact 
pressure (150,000 psi ) until temperatures stabilized (or 1 hour 
maximum). Due to the shortage of new test gears, used gears, opera- 
ting on the reverse unused gear tooth flank, were introduced to the 
test. A heat balance was established for each condition so a compari- 
son with the mist lubrication step speed tests could be made. 

3.3.2 Results and Discussion 


Results of the jet spray tests are shown in Tables 7 and a schematic 
of the heat balance is depicted in Figure 15. Thermal energy flow 
(Qout) was calculated for each test run and compared to the equivalent 
mist lubrication test conducted previously. The visual inspection of 
gears conducted at the end of each test run favored the jet lubri- 
cation system, however, a comparison of the thermal energy flow, 

Qout showed a 15 - 20% increase in heat flow when using the jet lubri- 
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FIGURE 12 RIGHT SIDE GEAR SET - STEP SPEED TESTING AT 20,000 RPM 
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FIGURE 13 LEFT SIDE GEAR SET - STEP SPEED TESTING AT 20,000 rpm 
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FIGURE 14 TEST. GEARBOX GEAR ASSEMBLY - STEP SPEED TESTING AT 20,000 RPM 


TABLE 7A STEP SPEED TEST JET SPRAY (SI UNITS) 
Gear Contact Stress 10.34 x 10 8 Pa 


Speed 

krpm 

Lubricant 

Temp . 
Gearbox 
Tc (K) 

Qin 

Input 

(Watts) 

■ Qi. 

Service 

Oil 

Test 

(Watts) 

Q3 

Test Gear 
Oil 

Test Box 
(Watts) 

q 4 

Leakage 
Vari - 
drive 
(Watts) 

Q5 

Leakage 

Test 

(Watts) 

Qoiit 

Output 

(Watts) 

Gross 

Balance 

% 

Ws 

Oil 

Kg/ 

Kin 

Test 

Time 

(Mins) 

Gear 

Condition 

10 


327 

9,796 

271 

1,305 

8,171 

152 

9,899 

101 

1.74 

60 



12 


327 

12,995 

271 

1,579 

10,016 

218 

12,085 

93 

1.74 

30 



14 

MIL-L 

336 

15,394 

356 

1,923 

12,828 

242 

15,348 

99 

1.74 

25 

> 

> Excellent 

16 

23699 

345 

18,393 

536 

2,403 

15,288 

266 

18,493 

101 

1.74 

30 



18 


352 

22,392 

499 

2,781 

18,803 

308 

22,391 

100 

1.74 

25 



20 


361 

* 

589 

2,129 

22,844 

327 

25,887 

— 

1.74 

25 

V 



10 


325 

9,992 

334 

889 

8,171 

190 

9,583 

96 

1.81 

25^ 



12 


330 

12,396 

356 

1,159 

10,016 

209 

11,740 

95 

1.81 

25 



14 

XRL-850A 

338 

15,194 

400 

1,488 

12,828 

233 

14,948 

98 

2.12 

25 

> 

'Excellent 

16 


345 

18,393 

456 

1,758 

15,288 

270 

17,772 

97 

2.12 

25 



18 


353 

21,992 

496 

2,209 

18,803 

308 

21,816 

99 

2.12 

25 



20 


361 

•k 

646 

2,750 

22,844 

342 

2S,581 

— 

2.12 

2 5 J 





♦Readings beyond range of wattmeter 
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TABLE 7B step speed test jet spray (customary units) 


Gear Contact Stress 150,000 psi 


Speed 

krpm 

Lubri- 

cant 

Temp. 
Gearbox 
Tc (F) 

Qin 

Input 

(Btu/Min) 

Ql 

Service 

Oil 

Test Box 
(Btu/Min) 

q 3 

Test Gear 
Oil 

Test Box 
(Btu/Min) 

Q4 

Leakage 

Varidrive 

(Btu/Min) 

Q5 

Leakage 
Test Box 
(Btu/Min) 

Output 

(Btu/Min) 

Gross 
Bal ance 
% 

% 

Oil 

Lb/Min 

Test 

Time 

(Min) 

Gear 

Condition 

10 


129 

557.48 

15.44 

74.25 

465 

8.64 

563.33 

101 

3.831 

60^ 


12 


130 

739.52 

15.44 

89.88 

570 

12.42 

687.74 

93 

3.831 

30 

Excellent 

14 

MIL-L- 

145 

876.04 

20.24 

109.41 

730 

13.77 

873.42 

99 

3.831 

25 > 

IS 

23699 

162 

1,046.70 

30 .48 

136.77 

870 

15.12 

1,052.37 ' 

101 

3.831 

30 


18 


175 

1,274.25 

28.37 

158.26 

1,070 

17.55 

1,274.18 

100 

3.831 

25 


20 


191 

★ 

33.53 

121.14 

1,300 

18.63 

1,473.13 

— 

3.831 

25 J 


10 


125 

568.60 

18.98 

50.57 

465 

10.80 

545.35 

96 

4.00 

25^ 


12 


135 

705.39 

20.23 

65.96 

570 

11.88 

668.07 

95 

4.00 

25 


14 

YD1 

149 

864.67 

22.76 

84.65 

730 

13.23 

850.64 

98 

4.66 

25 ^ 

■Excellent 

16 

AKL— 

850A 

161 

1,046.70 

25.94 

100.04 

870 

15.39 

1,011.37 

97 

4.66 

25 


18 


176 

1,251.49 

28.22 

125.69 

1,070 

17.55 

1,241.46 

99 

4.66 

25 


20 


191 

★ 

36.75 

156.47 

1,300 

19.44 

1,512.66 

— 

4.66 

25j 



*Reading beyond range of wattmeter 










cation system. A graphical representation of the comparative 
thermal energy flows is shown in Figure 16. 

3.4 Fifty (50) Hour Mist Lubrication Tests 

In order to study the gear lubrication effects of prolonged testing 
using a mist lubrication system, endurance runs using two lubricants 

were conducted. 

3.4.1 Test Procedure 

The mist lubricating system was reinstalled on the test gearbox 
with the mist lubricating nozzles located in the radial position. 

The test conditions imposed were as follow: 

(a) 10.34 x 10 8 Pa (150,000 psi) gear contact stress 

(b) 14,000 rpm 

(c) 0.316 mol/s (15 SCFM) cooling air at 366K (200°F) per mesh 

(d) 0.0632 niol/s (3 SCFM) of mist air at 366K (200°F) per mesh 

An oil feed system was incorporated to increase the apparent limited 
capacity of the Norgren generator reservoir bowl, which is inadequate 
for the endurance test runs. The modifications included a manually 
operated hydraulic pump, positioned outside the test cell, which 
replenished the reservoir by feeding oil to the reservoir bowl 
through a port in the generator head, see Figure 17. Oil quantity 
in the reservoir, oil feed lines and pump were measured before and 
after each S run. The oil replenishment feature allowed the tests 
to run continuously for six hours or more, per day. 

3.4.2 Results and Discussion 

At the end of 27 hours, the test box was partially dismantled. 

The gears were visually examined and found to be in good condition. 
Photographs were taken, Figure 18 and the test was successfully 
continued until completion at 50 hours. The lubricant used for this 
initial 50 hour test was Mobil XRL 850A and the consumption deter- 
mined at the end of the test run was calculated to be 22.2 cc/hour 
per mesh. This test demonstrated the feasibility of using a once 
throuqh oil-air mist lubrication system in a two mesh gearbox as a 
replacement for the more vulnerable and heavier recirculating jet 
spray lubrication system. 

The second 50 hour test was conducted under identical conditions 
asdesr.ribed above with the exception of the test lubricant which 
wac Mil I Used gears, reversed in order to use the unused 

q«r tooth flank, were installed. Testing was halted after 90 minutes 
of running due to rapid rise in load and temperature. The test box 
was dismantled and examination revealed that the tear teeth were in 
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FIGURE 16 




EXTERNAL FEED OIL LINE 


MIST AIR DELIVERY LINE 


MIST GENERATOR 


AUXILIARY AIR DELIVERY LINE 


FIGURE 17 EXTERNAL OIL FEED FOR MIST GENERATOR 
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FIGURE 18 MIST LUBRICATION ENDURANCE TEST 27 HOUR INSPECTION 


3.5 


poor condition with some tooth breakage. The previously used gears 
tested may have influenced the limited duration run attained. 


Emergency Aspirator Mist Lubricatio n System Tests 

To demonstrate the practicability of using an aspirator type misting 
device to serve as an emergency or backup system for conventional or 
mist lubrication, an aspirating system was designed The aspirating 
system was designed to be independent of the mist lubri eating < and the 

normal recirculating jet spray system. A y^^^^Tn^toTsSimilate 
filled lubricant reservoir was placed below the test box to assimilate 

the approximate location of an emergency reservoir on an aircraft 
gearbox. 


3.5.1 Test Procedure 

The emergency aspirator mist lubrication system was installed on 
the test 9 gearbox as schematically shown in Figure 19. The aspirator 
nozzles were located in the radial position for both gear meshes. 
Testing was conducted at 10,000, 12,000, 14,000, 16,000 and 18,000 
rpm using ambient air and two lubricants. Pretest runs a., no 
aSd 6.895 x 10» Pa (100,000 psi) gear tooth contact stress were con- 
ducted to determine air and oil flow rates and to confirm ..he feasi- 
bility of the system before proceeding with the NASA test requirement 
of 1034 x 10 8 Pa (150,000 psi). Tests at each condition were con- 
ducted until temperatures stabilized (1 hour maximum) ° r 
occurred. Following the series of step speed runs, the test box was 
run using MIL-L-23699 lubricant for five (5) hours at a 10.34 x 10 
Pa (150,000 psi) gear tooth contact pressure and 14,000 rpm. 


3.5.2 Results and Discussion 

Due to the acute shortage of usable test gears, a temperature 
limitation of 427K (310°F) was set for the center bearing located 
in the service portion of the test gearbox. Prior to the start 
of the five (5) hour endurance test, inspection of the slave gear- 
box revealed the gears in an unserviceable condition. With NASA s 
consent, high contact ratio gears from NASA Contract NAS3-17859 were 
substituted 9 These high contact ratio gears were jet spray lubri- 
cated in the salve gearbox while the test gears were lubricated by 
the emergency aspirator device mist in the test gearbox for the 
designated five (5) hour test. The results of these tests demonstrated 
ihal 9 a simple aspirator mist system is a good candidate for an emergency 
lubrication system and was operable at rather severe conditions for 
periods up^ Vo five hours without failure. Test results and air/oil 
flows are shown in Table 8. 
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Oil RESERVOIR 


FIGURE 19 ASPIRATOR SCHEMATIC 
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TABLE 8 EMERGENCY LUBRICATION MIST ASPIRATOR SYSTEM TEST RESULTS 


Air flow constant at 0.074 mol/s (3.5 SCFM) per mesh 


|| 

1 ! 


Lubricant 

Gear Tooth 
Contact Pressure 

Speed 

krpm 

Temperature 

Gearbox 

T c 

Oil Flow 
per Mesh 
cc/min 

Center Bearing 

Test Duration 
Minutes 



10 

317K (111°F) 

3.50 

380K (225°) 

30 


6.895 Pa x 10 8 

12 

390K (242°F) 

3.50 

399K (258°) 

45 


14 

396K (254°F) 

2.50 

404K (257°) 

30 


(10 x 10 4 psi) 

16 

381K (227°F) 

2.88 

411K (280°) 

40 

XRL-850A 


18 

415K (287°F) 

3.15 

427K (310°) 

23 


10 

351K, (172°F) 

3.25 

355K (180°) 

20 



10.34 Pa x 10 8 

12 

361K (190°F) 

1.85 

369K (205°) 

35 


14 

379K (223°F) 

2.15 

385K (233°) 

30 


(15 x 10 4 psi) 

16 

40 3K (166°F) 

1.25 

412K (282°) 

40 



18 

416K (290°F) 

1.80 

427K (310°) 

22 



10 

346K (164°F) 

1.50 

352K (175°) 

20 


10.34 Pa x 10 8 

12 

360K ( 189 °F) 

1.38 

369K (205°) 

30 

MIL-L 

14 

397K (255°F) 

1.50 

408K (275°) 

30 

23699 

(15 x 10 4 psi) 

16 

414K (286°F) 

1.75 

427K (310°) 

20 



18 

411K (281°F) 

2.50 

427K (310°) 

10 



14 

367K (201°F) 

1.52 

369K (205°) 

300 









4.0 SUMMARY OF RESULTS 

^ ^ssrss-. 

MlS^^5ncT.n8 hgt Wtlonw. lnv-t.B.te.1. The 
following summarizes the results of this effort, 

, Y ThD fcni hour endurance test using a formulated synthetic 

a hydrocarbon (Mobil XRL-850A) lubricant with a gear tooth contact 
of 10 M x 108 Pa (150,000 psi) running at a speed.of 
u MO ?Dmwas successfully completed. A similar test using 
miinSgtvne II ester was halted after 90 minutes. 
p™;iouslv use5 gears were tested in the latter endurance test 
a£d this may havi been a factor in the inferior Performance of 
the MIL-L-23699 lubricant, The former test demonstrated the 
fpaq-ibilitv of using a once-through oil-air mist lubrication 
qvstem in a two mesh gearbox as a replacement for the more 
vulnerable and heavier recirculating jet spray lubrication 
system. 

« ssx 

ing would be required to obtain statistical verifi 

(c) SSu^K 

(3 5 SCFM) of air per mesh and 1.52 cc/mm of MIL-L-23699 
lubricant, at geaAooth contact pressures o 10. 4 10* Pa 

ficn ooo osi) and a speed of 14,000 rpm. ne reier v “ ' 

Disced below the test gearbox to simulate the approximate 
location o'f a small emergency reservoir on an . ai l; c ’l a Tf^ X ‘ 
Thp success of this rather severe test demonstrated than an 
aspirate? mist system is a good candidate for an emergency 
lubrication system in helicopter transmissions. 

/j\ T he radial nozzle position was selected as the °P timuI J a P° s1tion 
based on the visual examination of the gear tooth surface, 

l?lnt is required to determine the optimum mist nozzle position. 
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(e) The recirculating jet spray system was superior to the mist 
lubrication system based on visual examination of the gear 
tooth surface condition; however, based on the thermal energy 
flow (Qout)» the lubrication system was superior. 

(f) The mist lubrication system supplied had limited capacity 
for the Sikorsky Aircraft two mesh gear system. The maximum 
cooling air per mesh which the system could attain, 0.316 mol/s 
(15 SCFM) per mesh and the maximum oil feed for the mist air of 
32 - 44 cc/hour appeared to be inadequate to lubricate and cool 
the gear teeth at tooth contact pressures of 13.79 x 10 8 Pa 
(200,000 psi), Further testing at this severe condition will 
require a larger capacity mist lubrication system. 

(g) The infrared thermometer ^ system used was ineffective despite 
intensive efforts to correlate its readings with samples of 
known temperature. Consequently the actual gear bulk and 
gear tooth temperatures were not recorded. 



SYMBOLS 



ma, aa, co 

W 1 

Wo 


M 


C Pa 

C Po 

K 


Test rig electrical power input 

Power losses in test gearbox service lubricant 

Power loss or gain air (cooling, auxiliary and oil -air mist) 

P.wer losses in gear jet spray lubricant 

Power loss in vari drive and slave gearbox 

Power loss from test gearbox case to room 

Test “gearbox average temperature 

Ambient temperature 

Temperature difference service oil in - oil out 

Temperature difference jet spray lubricant in - jet spray 
lubricant out 

Temperature difference in - out 

Subscripts for mist air, auxiliary air, cooling air 

Oil flow - test gearbox service lubricant 

Oil flow - mist air lubricant 

Oil flow - jet spray lubricant 

Air flow 

Specific weight of standard air 

Specific heat of standard air 

Specific heat of test lubricant 

Thermal conductivity factor for test gearbox 
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APPENDIX 1 

SAMPLE CALCULATION FOR TEST RIG CALIBRATION 

The calculation for the test rig calibration was based ori an energy 
balance of the system, that is, power into the system equals power out of 
the system for steady state conditions. 

-<w Equat1onl 

Where q QUt = + Q 2 + Q 3 + Q4 + Q5 

Where q 5 ■ K (Tc - Ta) and X = 8.53 Watts determined by heater tests 

(Section 2.4.1) 

= 8.53 (38,3 - 23.3) 
t* g = 128 Watts (7.29 Btu/min) 
and Q 1 - W c Cp Q UT 3 ) 

The lubricant used in the test rig calibration was MIL-L-23699 
with a density of 0.92 g/m 3 at 366K (200°F) and a specific heat of 
2134 J/KgK at 366K (0.51 Btu/lb F at 200°F) (Reference 6) 

Q « 3.475 X 35.6 X (13.33) 

= 1649 Watts (93.84 Btu/minF) 

q 2 = 0 (No air flow in test box) 

Q 3 = 0 (No jet spray in test box) 

Q. = 9277 Watts (527.9 Btu/min) 
in 

Substituting the values obtained for q 2> q 3 , q^ and 0 in into Equation 1 
we obtain: 

Q 4 = 9277 - (128 + 1649) 

= 7500 Watts (426.77 Btu/min) 
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SAMPLE CALCULATION FOR PRELIMINARY TEST AND STEP SPEEDS 
Equation 1 Q. n = Q out 

Where Q in « 7397 Watts (420.94 Btu/min) 

Q out = Q 1 + ^2 * Q 3 + Q 4 

Q 4 = 7556 Watts (430 Btu/min) obtained from Figure 7 
Q 5 = K (Tc - Ta) 

« 8.53 (71.6 - 41.6) 

“ 256 Watts (14.58 Btu/min) 

and Q 1 = W 3 Cp Q (AT 3 ) 

= 2.78 x 35.6 X (23.31) 

= 2307 Watts (131.3 Btu/min) 

anc * ^2 ^mist air + ^aux air + Q C00 ^ air 

= p cp a U (4TJ + », 2 (4T aa ) + m 3 (*T C ,)1 

' 

= .02746 x 1004.16 [ .04211 (-27.78) + .08422 (-32.23) + 

.63162 (-29.451] *- 

= - 620 Watts (35.29 Btu/min) 

Q out = Q 1 + Q 2 + Q 3 + Q 4 

= 7556 + 256 + 2307 - 620 
Q ou t = 9499 Watts (540.59 Btu/min) 

Gross Balance = 100 x Output Power 

Input Power 

= 100 Q 0 ut ORIGINAL 1AGE IS 

Q in OF POOR QUALITY 

= 100 (9499) 

7397 

= 128.4% 

Note: When using Mobil XRL-850A lubricant the following physical constants 
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were used: 


Cp Q = 2301 J/KgK (0.55 Btu/lbF) 

Density =0.8 g/m 3 

SAMPLE CALCULATION FOR OET SPRAY TEST 

Q in = 9796 Watts (557.48 Btu/min) 

Oout = + Q 2 + Q 3 + Q 4 + Q s 

Q, = 8171 Watts (465 Btu/min) for 10,000 rpm and 10.34 Pa x 10 
H tooth contact stress obtained from Figure 7 

Q 5 = K (Tc - Ta) and i< = 8.53 Watts/K (0.25 Btu/minF) 

Q 5 = 8.53 (326.89 - 309.11) 

= 152 Watts (8.64 Btu/min) 

Ql = W 3 C Po 

= 2.74 X 35.6 x (2.78) 

= 271 Watts (15.44 Btu/min) 

Q 2 =0 (No air flow in jet spray test) 
q 3 - W Cp o <at 5 ) 

= 1.737 X 35.6 X (21.11) 

= 1305 Watts (74.25 Btu/min) 

Q out = 8171 + 152 + 271 + 1305 
= 9899 Watts (563.3 Btu/min) 

Gross Balance - 100 jgf 

= 100 = 10156 
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I. INTRODUCTION 


This report covers Task I of NASA Contract NAS 3-16825, This 
work is closely related to other recent NASA studies on Mi crofog Lubri- 
cant Application Systems, (1, 2, 3, 4, . 5) but differs from them in that 
the tests are conducted on real gears in a dynamic system, under loads 
and speeds which simulate helicopter operation. 


Task I included several stages of preliminary work designed to 
set up the conditions for a more sophisticated Task II to be conducted 
at the Sikorsky Aircraft Division of United Technologies Corporation. 
These stages included: 


Analysis of the problem, including feasibility. 


Optimization studies. 


Step-loading tests. 


The analysis 
lubrication in general 
the articles were very 
Section IV. 


included surveying the current literature on gear 
and microfog lubrication in particular. None of_ 
helpful, but the best of. those found are listed in 


1 



JI. SUMMARY AND CONCLUSIONS 


The feasibility of operating the Ryder Gear Tester on microfog 
lubrication, using the NASA reclassifier nozzle and cooling air at 366 K 
(200 F), has been demonstrated at loads up to 1380 MPa (200 kpsi) and 
speeds up to 12,500 rpm. 

The cooling air nozzle arrangement is considered to be optimized, 
even though only supply at the demesh point was tested, since injecting 
the air at any other point would permit loss of temperature by conduction 
to the gear body. The reclassifier nozzle position was optimized experi- 
mentally and the axial position selected over radial or tangential on the 
basis of wear rate. The cooling air flow rate was optimized at between 
0.254 and 0.358 mol/s (12 to 17 SCFM) at 10 krpm, and at about 0.316 
mol/s (15 SCFM) at 12.5 krpm, both at 1380 MPa Hertz (200 kpsi). Con- 
sumption of mist oil was not completely optimized, but was found to be 
between 7.8 and 5.4 cm 3 /hr at 10 krpm and less than 7.5 cnryhr at 12.5 
krpm. All tests were made on MIL-L-23699 oil. 

Heat balances were not satisfactory, though from 88 to 98% of 
the input energy was accounted for in the output heat. The problem 
encountered was that most of the energy was carried away by the service oil 
and apparently was largely contributed by the bearing circuit. The rather 
small contribution of the test gears was almost lost in this high back- 
ground. For this reason, the heat transfer coefficient shows erratic 
variations not related to operating variables when calculated from the net 
heat flux (Input minus Service Oil and Leakage). 

Coefficients calculated from the heat absorbed by the air 
streams (cooling plus mist plus auxiliary air) were no better. Even using 
a "design" heat generation model did not produce an entirely rational 
pattern, but at least the expected dependence on rpm was detectable. 
Evidently there was some error in one or more temperature measurements, 
despite repeated calibrations of the infrared sensors. There was also the 
suspicious circumstance that the tooth temperature (Tg) was generally lower 
than the bulk temperature (T b ), and that the last calibration implied 
emissivity values greater than 1.00 at some temperatures. 

Future operations should be free from the high bearing friction 
problem, which has been traced to poor bearing design in the Erdco Ryder 
machine. The bearings have circumferential grooves, contrary to all 
accepted practices. On the other hand, the infrared thermometers will 
require intensive precautionary measures to improve the quality of the data 
in all future work. 
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III. DETAILED REPORT 


1. Materials 

1.1 The only oil used during these tests (except for the service oil 
recirculated in the system) was Exxon Turbo-oil 2380, conforming to 
MIL-L-23699. However, two other oils were acquired for potential use by 
Sikorsky in Task II. These were a formulated synthetic hydrocarbon used 
in a previous contract (4), Mobil XRL-850A, and a laboratory blend corres- 
ponding to Humble 3157, a super-refined mineral oil which is no longer 
available commercially. Aside from the amount of 2380 used, there are 20 
gal. of each of these three oils in storage as NASA property. 

1.2 The contract called for gears of modern helicopter design. This 
ruled out the sets available from Pratt and Whitney via Eppi Precision 
Products. In addition, the NASA contract officer stipulated thattwo 
narrow gears be used in all tests where step-loading did not require a 
wide mating gear. This "narrow-narrow" pair gives a much more realistic 
configuration for heat transfer studies. With the help of the Sikorsky 
Aircraft Design and Development engineers, the gears shown in Figures A-l 
and A-2 were designed. The required specimens were procured from Clipper 
Industries, and at the same time Sikorsky had gears made from the same 
heat metal, forged in the same shop, for use in Task II. The Exxon Re- 
search and Engineering procurement was 9 wide and 24 narrow gears. The 
lead check, spacing, profile and red-line charts provided by Clipper with 
each narrow gears were inspected at Sikorsky and found acceptable. These 
two are included in the 5 wide and 12 narrow unused gears in storage as 
NASA property awaiting shipping advice. 

2. Apparatus 

2.1 The basic equipment used was the Erdco Ryder Sear Tester 
described in FTMS 791b Method 6508.1 and in ASTM D 1947. This device was 
developed in the late 1940's to simulate the gearing used in jet aircraft 
for power take-off. It consists of a 4-square gearbox, in which the load 
is applied by hydraulic pressure which causes one of the helical slave 
gears to slide along the other. As a result of this detail, the 0.635cm 
(0.25 in) wide test gear on the same shaft slides the same distance. The 
mating gear has a 2.54cm (1.00 in) wide face to avoid loss of mesh. The 
test gears have been produced by the Pratt and Whitney Division of United 
Technologies Corporation ever since the machine was developed there. How- 
ever, they turned over manufacture of the machine to Erdco in the early 
1950‘s. 

In addition to providing the hydraulic loading, oil from the same 
sump is used to lubricate the six bearings. These are of very peculiar 
design. When Erdco took over manufacture, they removed the conventional 
bronze bushings with axial grooves and substituted steel backed silver 
bushings with lead-indium flashing, having circumferential grooves. The 
purpose may have been to provide hydrostatic support and so prevent shaft 
skewing. The entire oil loop is shown in Figure A-3. The oil used is 
MIL-L- 6082, Grade 1100. 
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2.2 The Ryder gear unit was already fitted with a microfog lubrica- 
tion and cooling system from pre-proposal work. However* most of this had 
to be replaced to meet the contractual requirements, and only the final 
system will be described, The cooling air nozzle is shown in Figure A-4, 

The microfog generator is Norgren Model No. 10-015-002, the smallest avail- 
able. It was not equipped for precise measurement of the oil flow, so a 
Sage Instrument Company infusion pump (Model 234-4) was used to replace the 
normal aspirator feed action. As part of the initially formed mist is too 
coarse to be used as microfog, that part is removed in the generator and 
returned to the sump, for recycle. This was measured and subtracted from 
the rate programmed on the Sage pump. Thus, the amount of oil actually 
delivered as microfog was never exactly known until the end of the run. 

One detail had to be changed, with the consent of the Project 
Manager. The contract called for the generator to be held at 366K (200F) 
but with the modified oil feed the best approach was to preheat the misting 
and boost air streams to that temperature by heating tapes on the lines 
and Variac control. Since the plastic bowl supplied with the generator 
had a safety rating of 100 psig at 200F, and a regulator malfunction could 
apply the full 100 psig line pressure to it, a heavy glass bowl was fabri- 
cated by our glassblower. 

2.3 The reclassifier nozzle used was based on that developed for 
NASA under previous contract (5) and is shown in Figure A-5. There did not 
seem to be any point in protecting the gears from drops that might form on 
the tip, so the air sheath in the original design was omitted. However, it 
was considered desirable to use the existing auxiliary "boost" air rota- 
meter to maintian the nozzle flow rate in the design range of 0.034 to 
0.088 mols/s (1.63 to 4.20 SCFM) regardless of the generator "mist" flow. 

In practice, total flow was maintained at 2.5 to 3.0 SCFM, of which 45jH5% 
was mist air. It was realized near the end that this resulted in oil/mist 
air ratios which probably could not be obtained in an aspirating generator, 
so the last run (MF-13) was made with 0.9 SCFM of mist and 1.1 SCFM of 
boost air. 

2.4 The contract called for the cooling air to be at 366K (200F). 

This was arranged by passing house air over a 2000 watt vayonet heater, 
Chromalox Model ML0-215AW, in a section of pipe. This was controlled in 
off/on mode by a Gardsman Model JP. Finer control was achieved by adding 
a "base load" heater, Chromalox MT0-220A, on Variac control. Air flow 
rates were measured at room temperature by existing rotameters and pressure 
gages. Standard charts were used to compute these readings into mols/s 
and SCFM (cubic feet per minute at standard conditions of 1 atmosphere and 
32F) . 

2.5 Temperatures at most points were measured with existing thermo- 
couples wired to indicators and records in the control room. A schematic 
of the readings needed for calculations is shown in Figure A-6. 

2.6 Tooth and bulk temperatures of the gears were to be measured by 
infra-red thermometers recently purchased by the contractor. There were 
Mikron Model 66. While sound in principle, these instruments presented 
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3.4 The Accurex torque measurement system was calibrated by means of 
a manually operated torque wrench calibrated in lb-in. To establish the 
integrity of this approach, the calibration was repeated using dead weights 
on a lever arm and was found to agree closely with the torque-wrench cali- 
bration. The hysteresis of the measurements was substantial, due to static 
friction in the seals used to keep service oil out of the test chamber. 

The result is that the readings during loading lag about 5% and those 
during unloading lead by about the same. Assuming that Hooke's Law is 
obeyed, as is almost always the case in strain gage applications, the lag 
and lead can be cal celled out as shown in Figure A- 10. 

Another problem arose quite unexpectedly. After some initial 
difficulties with loss of bonding of the strain gage elements had been 
overcome, the system appeared stable. Calibration on December 18, 1973 had 
given a factor of 0.115 N*m(l.Q2 lb-in) per division and an accident to the 
telemetry system on January 1/ during Run MF-5 did not appear to have 
affected this factor. However, at the end of MF-13D, a check was made to 
verify stability, and the factor was found to be 1.67 as shown in Figure 
A- 10. This gave acceptable heat balances on the last three runs. (MF-13B, 

C and D) at 12,550 rpm, but appeared to be a little high for all prior work. 
On the other hand, the first value was acceptable only for MF-5. There had 
obviously been a claibration shift during repair of the elemetry unit, and 
perhaps another small shift when the speed was increased. This problem 
will not be pursued further, as Task II will use the wattmeter rather than 
the torquemeter. 

3.5 The Mikron infra-red thermometers were the most troublesome part 
of the equipment, for a number of reasons. They proved to be quite fragile, 
and required several returns to the manufacturer. After each repair, it 
was necessary to recalibrate. In general, these recalibrations did not 
retrace the same curves as before repair. Admittedly there were some 
improvements made in technique of calibration, in addition to whatever 
changes were made inside the instruments. 

The calibration used for most of the runs, starting with MF-8, was 
made using a P&W gear which had teeth polished with crocus cloth. A 
thermocouple was welded to it, and the Mikron focused on the appropriate 
surface. The gear was kept on a hotplate in a can purged with nitrogen to 
prevent oxide coloring of the polished surface. Calcium floride windows, 
as used in actual runs to keep mist off the optics, were in the IR path. 

The temperature was raised in increments, at each of which the emissivity 
knob was turned to scan from 1.00 to 0.20, the entire range. In theory, 
the actual and indicated temperatures should coincide at some emissivity 
which is usually a function of temperature. 

The results of the last calibration, used in most of the calcula- 
tions, are shown in Figures A-ll through A-15. 
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4. Procedure 


4.1 The runs were made under the conditions shown in Tables A-l and 
A-II. Some runs were not continued to thermal equilibrium, since the con- 
clusion could be drawin without obtaining stabilized heat transfer. 

4.2 Before starting rotation, the entire gearbox was preheated to 
366K (200F) by flowing the cooling air and support oil at this temperature 
for at least 1/2 The microfog generator was also brought to this 
temperature with heated air. 

4.3 In general, gears were run-in for at least 10 minutes at minimum 
load. With the bypass valve (Figure A-3) open, this is about 12000 PA (1.75 
psi) oil pressure which corresponds to 6900 N/m (130 lb/in) or 323 MPa 
(46.8 kpsi) Hertz tooth pressure. 

4.4 Examination of the used gears by means of the ASTM D 1947 binocu- 
lar micorscope was not very useful except in selecting the proper spacers 
for axial travel (see 3.2).. The best results were obtained with a Talysurf 
(Taylor Hobson Model 3). This was used to examine those used gears on which 
there seemed to be some hope for obtaining useful information. However, as 
use of the Talysurf required disassembly of the Ryder gear head for removal 
of the test gears, no examinations were made between steps in a run series 
(Table A-U). 

5. Optimization Studies 

5.1 The cooling nozzle position was the subject of much pre-opera- 
tional analysis, and the place chosen appears to be the only one that is 
logically possible under the provision. This implies both optimum cooling 
and the optimum point for calculating heat transfer coefficients. Obviously, 
the latter condition cannot be met if the air is applied at some point where 
the metal temperature cannot be measured, since the calculation requires 
metal and air temperatures at the inlet and outlet. The point for optimum 
cooling is, of course, that at which the tooth surface is hottest. Since 
the heat is all generated in the mesh, this must be at the demesh point. 

An additional incentive is that the demeshing gears provide pumping action, 
so that air must rush in to fill the vacuum left by the withdrawing teeth. 
Thus, all criteria agree that the air should go in at the demesh point and 
that tooth temperature be measured there also (see Figure A-7). 

In retrospect, one experiment that might have been desirable 
would have been axial injection of the cooling air, analogously to the 
optimum microfog nozzle position determined below. Perhaps a quick check 
of this geometry can be included under Task II. However, a considerable 
amount of air will still be required in the present tangential position to 
purge microfog and oil slung off the gears away from the calcium floride 
wi ndow. 


sswstf 


22 



table A-l 

LOG OF MICROFOG RUNS 


Runs 

Gears 

PurDOSP and fnilrfit-inm? 

MF-0 

W/W (P&W) 

Demonstration 

MF~1 

W/N (P&W) 

Practice and Training 

MF-2 

W/N (P&W) 

Practice and Training 

MF-3 

N/N (P&W) 

Checking Spacers 

MF-4 

N/N (Cl) 

Demonstration and Data 

MF-5 

N/N (P&W) 

Oil Starvation 

MF-6 

N/N (Cl) 

MF-4 Gears (turned over) 

MF-7A 

B 

N/N (Cl) 

Sage Micropump, ER&E nozzle 
Tauratron Micronump, ER&E nozzle 

MF-8 

W/N (Cl) 

Radial NASA nozzle 

MF-9 

W/N (Cl) 

Axial NASA nozzle 

MF-10 

W/N (Cl) 

Tangential NASA nozzle 

MF-n a, b, c 

W/N (Cl) 

Step Loading Run 

MF-12 A, B, C 

N/N (Cl) 

Reduced Cooling Air 

MF-13 A, B, C 

N/N (Cl) 

High Speed Runs 

W = wide 
N = narrow 

P&W 

- Pratt and Whitney Division, 
United Aircraft 


Cl = 

Clipper Industries 


I 
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ro 
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mil a-h 

SUHHARy QF M IFROFOo PUN CONDITIONS 


Run 

Speed 

Load 

Rate 

Cnnling Ai 

r u) 

Nozzle 

Duration 

Wear Rate 

Heat 

Transfer 

No. 

krpm 

MPa 

Kpsi 

cm 0 .. nr. a z, /hr 

nwls/\. 

SLIM 

.Petition 

Min. 

urrvs mil s/hr 

Stabilized 

MF-7A 

10 

690 

100 

19.2 0.65 

0.545 

26 

Radial 

35 

Not Read 

Yes 

MF-8 

10 

1380 

200 

13.8 0.47 

0.650 

si 

Radial 

10 

0.021 2.9 

No 

HF-9 

10 

1380 

200 

24.0 0.81 

0.610 

29 

Asia! 

10 

0.016 2.3 

No 

MF-10 

10 

1330 

200 

28.2 0.95 

0.630 

30 

Tangential 

10 

-J.025 3.5 

No 

HF-11A 

10 

1035 

150 

0.7 0.29 

0.630 

30 

Axial 

10 

Not Read 

No 

MF-11B 

10 

1035 

150 

5.4 0.10 

0.610 

29 

Axial 

10 

Not Read 

7 

MF-11C 

10 

1380 

200 

5.4 0.1G 

0.610 

29 

Axial 

18 

0.042 (2) 5,9 * 2J 

Yes 

HF-12A 

10 

1380 

200 

7,8 0.26 

0.610 

29 

Axial 

10 

Not Read 

No 

MF-1HB 

10 

1380 

200 

7.8 0.26 

0.360 

17 

Axial 

17 

Not Read 

Yes 

MF-12C 

10 

1380 

200 

7.8 0.26 

0.250 

12 

Axial 

8 

Burnt 

No 

HF-13A 

10 

1380 

200 

7.5 0.25 

0.57C 

27 

Axial 

17 

Not Read 

Yes 

MF-13B 

12.5 

1380 

200 

7.5 0.25 

0.570 

27 

Axial 

7 

Not Read 

Yes 

MF-13C 

12.5 

1380 

200 

7.5 0.25 

0.3B0 

18 

Axial 

11 

Not Read 

Yes 

MF-13D 

12.5 

1380 

200 

7.5 0.25 

0.315 

15 

Axial 

16 

0.024^ 3.3 (2} 

7 

(1) Does 

not include mist and boost 

air 







(2) Assuming all 

wear in 

last period 









5.2 The micro fog reclassifier nozzle position was optimized In a 
brief series of runs, MF-8, 9 and 10. Run MF-7 had established the ability 
to run at 1380 MPa (200 kps 1 ) so this severity was selected to maximize any 
effects of geometry changes. The details are shown in Table A-III, 

5.2.1 The radial position was used first as it has proved satisfactory 
in the preliminary run. This placement was on the driven gear '? rad (180°) 
from the mesh point. Run MF-8 used a little less oil than had been planned, 
but otherwise was on target. 

5.2.2 j he axial position was selected on the basis that it most closely 
simulated the work done under previous NASA contracts (1, 2, 3, 4, 5'. 

Despite the fact that it is completely unconventional in microfog lubrica- 
tion of gears, there was some theoretical justification since this position 
surely has the maximum capability for sweeping the spaces between teeth Free 
from stagnant hot air. The nozzle was canted 0,25 rad. (15°) in the direc- 
tion of gear rotation to direct the reclassified oil drops onto the metal, 
and was placed 1.57 rad (90°) before mesh as a matter of convenience to 
avoid making other holes in the gear case cover. 

5.2.3 The tangential position was the most conventional one, being 1.05 
rad (60°) before mesh with flow in the direction of gear rotation as 
recommended by Norgren. 

5.2.4 Three criteria were applied to the optimization. These were shaft 
torque, gear wear rate and amount of heat gained by the air passing through 
the gearbox (Ho). All three should correlate with the coefficient of fric- 
tion and thus be measures of the efficiency of lubrication. As shown in 
Table A-III , these did not agree perfectly. The axial position showed the 
lowest torque and wear rate, but caused the medium rate of heat pick-up by 
air. The less reliable infra-red temperatures, T b and T s , tended to confirm 
the indication from air heating (fig) that the axial position was not optimum. 
However, it was decided that torque and wear rate were the most reliable and 
important cri teri a . 

Second best position was awarded to the radial placement, on the 
basis of torque and wear rate. Though T b and Hz had shown radial as best, 

T s showed it as worst. All criteria except Tg agreed that the conventional 
tangential placement was worst. 

An interesting observation was that the tangential position 
produced wave marks on the rear wall of .the box. Calculation showed the 3 
marks correspond to 3 pulses of mist "stored” in the tooth gap. 

5.3 There was little guidance available as to lubricant requirements. 
The Norgren engineers advised that a rate of 0.6 cm 3 /hr would be recommended 
for these gears at speeds up to 2000 rpm, but they had no experience above 
that. Preproposal work had used 190 cm 3 /hr, obviously far more than was 
needed. Preliminary runs had shown feasibility of running at 1380 MPa 

(200 kps 1 ) with about 20 cm 3 /hr. 
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TABLE A-III 

OPTIMIZATION OF MICROFOo NOZZLE PLACEMENT 


Run 

No. 

Nozzle 

Position 

ri Oil 
cm /hr 

Rate 

oz./hr 

Torque 
N m lb-in 

Wear Rate 

U m/s mi 1 /hi* 

Air Heat 

Uat-t-c RTII/h.. 

K- 1 


_Is 

MF-8 

Radial 

13.8 

0.47 

11.49 

101.7 

0.021 

2.9 

566 

1930 

471 

r 

388 

428 

r 

310 

MF-9 

Axial 

24.0 

0.81 

10.93 

96.7 

0.016 

2.3 

627 

2140 

495 

432 

388 

238 

MF-10 

Tangential 

28.2 

0.95 

11.87 

105.0 

0.025 

3.5 

650 

2220 

528 

490 

369 

205 


GENERAL CONDITIONS 

Load = 1380 MPa {200 kpsi) Hertz 
Speed = 10 krpm 

Air Inlet = 362 + 3K (192 + 5F) 

Mist Air = 0.023 mol s/s (1.1 SCFM) 
Boost Air = 0.026 mols/s (1.25 SCFM) 



The optimization experiments are shown In Table A-IV, though MF- 
12A was not planned to be part of the series. In addition, the fact must be 
recorded that a zero oil rate was tested on Run MF-5A when the oil pump 
stalled. The gears were scuffed In a few seconds time, but could be re- 
versed and were reused in MF-5B. The results at 1380 MPa (200 kpsl) In 
Table A-IV are riot as definitive as could be wished, due to lack of a wear 
rate on MF-12A. However, the other criteria show that there were only minor 
Increases In torque, T5 and a decrease in H? on going from 24.0 to 7.8 cm3/hr 
of oil. The controversial T s did Increase, supporting the belief that the 
minor effects are real. The next step, from 7.8 to 5.4 cm3/hr, caused 
significant Increases In torque, H2 , Tb and Ts. The wear rate Is signifi- 
cantly higher than for MF-9, and it is plausible to assume that most of 
this Is due to the last cut in oil rate. 

The above analysis provides very reassuring evidence that the 
variations in oil rate experienced during optimization of nozzle placement 
in Section 6.2 and Table A- III did not approach the critical level of about 
8 cm J /hr. 


One detail not fully recognized until after completion of the 
test program was that the oil/mist air ratio had been varied alonq with the 
oil flow rate, as shown in Table A-IV. For comparison, the Norgren design 
manual (6) shows aspiration rates for several oils at various temperatures . 
"Very good output" corresponds to 0.60 cm^/mol (0.025 oz/SCF) while "limit- 
ed output" corresponds to 0.12 cnr/mol (0.005 oz/SCF). Thus, MF-I2A and 
MF-11C were run at ratios below that typical of aspiration. Even MF-13 
(see 2.3 above), with O.llcm^/mol (0.0046 oz/SCF) was borderline. The 
effect of this variable on such details as condensation in the piping and 
non-reclassifiable microfog cannot be predicted, but Task II should be run 
with at least 0.3 cm^/mol (0.013 oz/SCF). (This can also be described as 
"10,000 ppm"). 

5.4 The air consumption for a helicopter transmission running on 

microfog was the subject of considerable speculation before starting this 
program. Hence, it was considered important to perform stepwise reductions 
of the cooling air until Tb reached 589K (600F). This was done at 1380 MPa 
(200 kpsi) and two speeds, as shown in Tables A-VA and A-VB. In this series, 
wear was not considered to be of primary importance so only the wear after 

MF-13D was measured and that included all wear from MF-13A, B and C. 

Instead, the goal was to obtain good heat transfer coefficients. These 
will be discussed in the next section. 

The tests at 10 krpm, MF-12A, B and C and MF-13A, show progressive 
increase in Tb as the cooling air flow is reduced. This is partly due to 
poo.* control of the air inlet temperature, but that had only a minor influ- 
ence and (Tb - Tj) also trended upward. T s is more erratic but follows. 

5.5 At the higher speed, the trend of (Tb - Tj) is reversed, and 
there is no evidence to show how far the air rate must be reduced to cause 
distress. Clearly the speed increase had unexpectedly beneficial effects. 

It was anticipated that the heat transfer would improve, and perhaps that 
the coefficient of friction might also be lower at high speed, but there 
seems to be some further effect to be explored. 
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TABLE A-IV 


OPTIMIZATION OF OIL RATE 


Run 

Oil 

q 

Rate 

Oil /Air 

Ra* o 

Torque 

Wear Rate 

Air Heat (H?l 

No. 

cm /hr 

oz/hr 

cm 3 /mol 

oz/SCF 

N»m lb-in 

m/s 

mil /hr 

Watts 

BTU/hr 

MF-9 

24.0 

0.81 

0.290 

0.0123 

10.93 96.7 

0.016 

2.3 

627 

2140 

MF-12A 

7.8 

0.26 

•0.075 

0.0031 

11.30 100.0 

— 

— 

505 

1720 

MF-11C 

5.4 

0.18 

0.056 

0.0023 

13.00 115.0 

0.042 

5.9 

944 

3220 


GENERAL CONDITIONS 

Load « 1380 MPa (200 kpsi) Hertz 
SPEED = 10 krpm 
Nozzle = Axial 

Air Inlet = 360 + IK (1S3 + 2F) 

Mist Air = 0.026 + 0.003 mols/s (1.25 + 0.15 SCFM) 
Boost Air = 0.030 + 0.060 mols/s (1.40 +_ 0.30 SCFM) 



TABLE A-VA 


OPTIMIZATION OF CODLING AIR RATE, IN SI UNITS 


Run 

Speed 

Total Air 

Air In 

Air 

Air (H 2 ) 

Tb 

T b “ Ti 

T s 

No. 

krpm 

mol s/sec 

T T (K) 

T (K) 

Watts 

ih 

(K) 

m. 

MF-12A 

10 

0.674 

359 

24 

505 

502 

143 

447 

MF-13A 

10 

0.611 

364 

26 

458 

580 

216 

379 

MF-12B 

10 

0.421 

390 

24 

316 

658 

268 

547 

MF-12C 

10 

0.317 

394 

2S 

254 

680* 

286+ 

719+ 

MF-13B 

12.5 

0.611 

364 

18 

306 

523 

164 

369 

MF-13C 

12.5 

0.421 

378 

4 

21 


147 

379 

MF-13D 

12.5 

0.358 

388 

-8 

-72 

531 

143 

379 


GENERAL CONDITIONS 

Load - 1380 MPa Hertz 

Oil Rate - 7.65 + 0.15 em 3 /hr 

+ indicates subsequent rise to failure 



TABLE A-V8 


OPTIMIZATION OF COOLING AIR RATE, IN ENGLISH UNITS 


Run 

No. 

Speed 

krpm 

Total Air 
SCFM 

Air In 

Tjjtn 

Air 
T (F) 

Air (H?) 
BTU/hr 

Tb 

(F) 

T b “ Tj 
(F) 

Jh 

MF-I2A 

10 

32.0 

136 

44 

1720 

444 

258 

\ r ) 
345 

MF-13A 

10 

29.0 

196 

46 

1560 

585 

389 

223 

MF-12B 

10 

20.0 

'242 

43 

1080 

724 

482 

525 

MF-I2C 

10 

15.0 

250 

50 

870 

834+ 

584+ 

690+ 

HF-13B 

12.5 

29.0 

196 

32 

1045 

491 

295 

205 

MF-13C 

12.5 

20.0 

220 

7 

72 

486 

266 

223 

MF-13D 

12.5 

17.0 

238 

-14 

246 

496 

258 

223 


GENERAL CONDITIONS 

Load = 200 kpsi Hertz 

Oil Rate = 0.29 + 0.005 ox. /hr 

+ indicates subsequent rise to failure 



6,0 Calculations 


6.1 Calculation of the heat input is simply a matter of adjusting 
the reading to the selected units since 

E = Ki2ir0n 

where o is torque and n is rpm. For SI units, E = 0,01045 On watts and 
for English units, E = 0.04037 on BTU/hr, 

6.2 The air calculations begin with combining all three streams - 
mist, boost and cooling air. (In Runs MF-5B, and 7A the mist and boost 
air streams were not heated, and in MF-5B the air used to purge the IR 
thermometer tube was also unheated,) The total is converted from SCFM 
to mol s/sec by the perfect gas law. This is combined with the inlet and 
outlet temperatures (Ti and T 2 ), using Figure A-16 to obtain the enthalpy 
change in joules/mol (H 2 ). 

6.3 The heat carried out in the service oil (H 3 ) is obtained from 
the measured flow rate, the density of 0.830 g/cm^ at 366 K (200F) and 
the specific heat of 2230 J/kgK at 366K (0.533 BiU/lb F at 200F) . These 
oil properties were obtained from the Exxon Data Book fcr Designers 
(September 1973), Charts BA-2 and BE-2 respectively. 

6.4 Heat leakage was calculated as described in Section 3.1, using 

Hi = 6.61 (T c - T a ) 

for watts/K (12.53 (T c - T a ) for BTU/hr F) . 

6.5 The heat balance would normally be calculated as a percentage 

100 (Hi + H2 + H3)/E 

and on this basis runs better than 9565 in 5 out of 9 tests. This is shown 
in Tables A-VIA and A-VIB as "Gross Balance". However, jn this case. Gross 
Balance is deceptive, due to the high level of H 3 . It is more meaningful 
to calculate "Net Balance ", and on that basis the results are far less 
satisfactory. "Net Balance" is defined by: 

100 H 2 /(E - Hi - H 3 ) 

6.6 Because of the preliminary nature of this work, and the uncertai 
ty of heat balance, no attempt was made to calculate Hw» Hb and Hs as shown 
in Figure A- 6 . 

6.7 To assist in deciding the relative merits of the "Air watts" 

(H ? ) versus "Net watts", calculations were made from a mathematical model 
for gear loss discussed by Shipley in Dudley’s "Gear Handbook" (12). 


ORIGINAL 

OF POOR 0 UALXi 
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ASHRAE Handbook of Fundamentals 

(page 646) 


FIGURE A- 16 

ENTROPY, JOUUS/MOLE, * 
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TABLE fl-VIA 

HEAT BALAHCE CALCULATIONS. IK SI UNITS 


Run 

No. 

Speed 

krpm 

Load 

HPa 

Input 
Watts (El 

Air Temperature 

Tt 00 T?-(Ki 

Flow 
mol s/s 

Air (H 2 ) 
Watts 

Oil (H 3 ) 
Watts 

Leakage 
Watts (Hi) 

Output 

Watts 

Gross 

Balance (X) 

Net 

Watts 

Net 

Balance (X) 

Calculated 
Watts (Hr) 










MF-5B 

10 

690 

7600 

387 361 

0.604^ 

204 

6833 

440 

7477 

98.4 

327 

82 

160 

MF-7A 

10 

690 

9460 

365 364 

0.6U* 21 

119 

8247 

470 

8836 

93.4 

743 

16 

160 

MF-I1B 

10 

1035 

10642 

361 364 

0.674 (3) 

34 

9554 

462 

10050 

94.4 

626 

5 

360 

MF-11C 

10 

1380 

13600 

361 409 

0.674< 1 2 3 > 

944 

11563 

624 

13131 

96.6 

1413 

67 

800 

MF-12B 

1C 

1380 

13010 

390 414 

0.421< 3 > 

316 

10610 

665 

11951 

89.7 

1735 

18 

800 

MF-13A 

10 

1380 

11430 

364 390 

0.611 <4) 

458 

9029 

594 

10081 

88.2 

1801 

25 

800 

MF-13B 

12.5 

1380 

14790 

364 382 

0.611* 4) 

306 

13453 

487 

14340 

57.0 

756 

40 

1000 

MF-13C 

12.5 

1380 

14290 

378 382 

0.421* 4 ) 

21 

13410 

480 

14011 

98.0 

300 

7 

1000 

HF-13D 

12.5 

1380 

14290 

388 380 

0.358^ 

-72 

13089 

497 

13614 

95.3 

604 

— 

1000 


(1) Including 0.225 mol/s of mist, boost and purge air at 302K. 

(2) Including 0.0632 mol/s of mist and boost air at 300K. 

(3) Including 0.0632 mol/S of mist and boost air at 366°K. 

(4) Including 0.0422 mol/s of mist and boost air at 366°K. 
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TABLE A-VIB 


HEAT BALANCE CALC ULATIOHS . IN ENGLISH WITS 


Run 

Ho. 

Speed 

krpm 

Load 

kpai 

100 

Input 

BTU/hr 

Air Temperature 
Tt (F) T? (F) 

Flow 

SCFH 

28.7^ 

Air (H 2 ) 
BTU/hr 

Service (H3) 
Oil BTU/hr 

Leakage 
BTU/hr (Hi) 

Output 

BTU/hr 

Gross 

Balance (X) 

Net 

BTU/hr 

Net 

Balance (X) 

Hq 

BTU/hr 

MF-5B 

10 

25900 

226 

190 

696 

23300 

1500 

25500 

98.4 

1115 

62 

545 

MF-7A 

10 

100 

32300 

198 

197 

20.0 1 (2) 

406 

28100 

1600 

30150 

93.4 

2540 

16 

545 

MF-11B 

10 

150 

36300 

190 

196 

32.0 

116 

32600 

1580 

34300 

94.4 

2140 

5 

1230 

MF-11C 

10 

200 

46400 

190 

276 

32.0 

3220 

39500 

2130 

44800 

96.6 

4820 

67 

2730 

MF-128 

10 

200 

44400 

242 

285 

20.0 

1080 

36200 

2270 

40800 

89.7 

5920 

18 

2730 

HF-13A 

10 

200 

39000 

196 

242 

29.0 (3 * 

1560 

30800 

2030 

34400 

88.2 

6145 

25 

2730 

HF-13B 

12.5 

200 

50500 

196 

228 

29.0 (3) 

1040 

45900 

2000 

48930 

97.0 

2580 

40 

3410 

MF-13C 

12.5 

200 

4B800 

220 

227 

20. 0^ 3 ^ 

72 

45800 

1980 

47800 

98.0 

1020 

7 

3410 

MF-13D 

12.5 

200 

48800 

238 

224 

17.0 (3) 

-245 

44700 

2040 

46500 

95.3 

2060 

-- 

3410 


(1) Includes 10.7 SCFM of mist, boost and purge air at 84°F. 

(2) Includes 3 SCFM of mist and boost air at 77°F. 

(3) Includes 2 SCF’i of mist and boast air at 200°F. 



This requires assuming a coefficient of friction (F) which Shipley shows 
to be between 0,03 and 0.05, The lower value was selected after testing 
both, though it probably would not be correct for the starved case MF-12C. 

The equation used is 

_ 0.262 WDriF x 746 

1,0 “ 33iTfflr~ 


and gives heat from the gears in watts when W is lb force on the tooth, 

D is pitch diameter (in), and n is rpm. 

Comparison of Hg with H i and "Net watts" shows that both are 
probably in error, most of the time. Of course, the fact that Shipley's 
F - 0,03 to 0.05 was determined in conventional gearboxes offers reason to 
suspect that Hq may be too high. Resolution of this problem must await 
further experiments in a better-designed gearbox for this purpose. 

6,8 In order to permit comparison with other systems, the heat 
balances must be reduced to heat transfer coefficients. The results of 
these calculations are shown in Tables A-VIIA and A-VIIB, on the three bases 
(Air, Net and Hg) discussed above. 


The first step required is estimation of the temperature of 
the cooling air after expansion. The pressure drop in that nozzle was 
about 0,2 MPa(30 psi), and some refrigeration effect miqht be expected. 
This was estimated from Figure A-I6 for an adiabatic (isenthalpic) expan- 
sion. The decrease from Tj and Ti proved to be surpw-ingly small - 
about 1 to 2K (2 to 4 F) . Common experience with compressed air indicates 
cooling of about 5K (10F), but that is due to compression above 0,7MPa 
and to the greater slope of the iso-H lines at around room temperature. 


The next calculation is the effective temperature difference. 
This is usually done by a chart such as Figure A-17. For most cases, the 
flow is counter-current-that is, the coolost air meets the hottest metal 
at the inlet. This model was assumed here. Though the mist and boost 
air streams did not enter at the cooling air inlet, all three were lumped 
together for use in Figure A-17; = T - T x and at - T fa - Tg. 


. The effective transfer area of the gear tooth cannot be determined 

with any rigor. It was quite arbitrarily decided to use the entire working 
area of the teeth. Measurement of the worn area on a test gear showed this 
to be 6.0 by 6.35 mm (0,236 by 0.250 in.) per tooth, giving an area of 
2.134 x 10“3 nr (3.31 in 2 ) for the 56 teeth. 
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TABLE A-VIIA 

HEAT TRANSFER COEFFICIENTS IN SI UNITS 


Run 

Speed 

Load 


Air Data 


Gear Data 

LMTD 

Watts/m 1 2 

K 


No. 

krpm 

MPa 

mols/sec 

IlJKi 



Is-i*! 

1KL 

Air 

Net 


ifc 

MF-5B 

10 

690 

0.604 M 

375 

361 

385 

393 

21 

455 

1730 


3570 

MF-7A 

10 

690 

0.611 ^ 

363 

364 

507 

428 

98 

570 

3555 


770 

MF-11B 

10 

1030 

0.674 

359 

364 

485 

390 

67 

240 ^ 

4380 

(3) 

2525 t 3 ) 

MF-11C 

10 

1380 

0.674 

359 

409 

659 

554 

222 

1990 ^ 

2980 

(3) 

1690 ^ 

MF-12B 

10 

1380 

0.421 

390 

414 

653 

547 

194 

765 

4195 


1930 

MF-13A 

10 

1380 

0.611 

362 

390 

580 

379 

71 

3020 

12020 


5280 

MF-13B 

12.5 

1380 

0.611 

362 

382 

528 

369 

44 

3260 

8040 


10660 

MF-13C 

12.5 

1380 

0.421 

377 

382 

525 

379 

34 

80 

4130 


13790 

HF-I3D 

12.5 

1380 

0.358 

388 

380 

531 

379 

_ 



____ 





(1) Including 0. 2E5 mol/s of mist, boost and purge air at 302K 

(2) Including 0.0632 mol/s of mist and boost air at 300 K 

(3) Based on the working area only of gears. 



TABLE fl-VIIB 


HEAT TRANSFER COEFFICIENTS, IN ENGLISH UNITS 


Run 

Speed 

kprm 

Load 


Air Data 


Gear 

Data 

LMTD 


BTU/hr ft F 


No. 

kpsi 

100 

SCFM 

TTTFy 

. I 2 Jfl 

190 

T t (F) 

IsALl 

248 

(F) 

Air 


Net 

Hr 

HF-5B 

10 

18.0 ^ 

i — 5 

214 

233 

38 

80 


129 

630 

MF-7A 

10 

100 

29.0 ^ 

194 

197 

453 

311 

177 

: '0 


625 

135 

MF-1IB 

10 

150 

32.0 

186 

196 

413 

243 

120 

42 

(3) 

770 ^ 

445 < 3 > 

MF-11C 

10 

200 

32.0 

186 

276 

727 

537 

400 

350 

(3) 

525^ 

295 

MF-12B 

10 

200 

20.0 

242 

285 

724 

525 

350 

135 


735 

340 

MF-13A 

10 

200 

29.0 

192 

242 

585 

223 

128 

530 


2120 

930 

MF-13B 

12.5 

200 

29.0 

192 

228 

491 

205 

84 

575 


1415 

1880 

MF-13C 

12.5 

200 

20.0 

219 

227 

486 

223 

61 

15 


1730 

2430 

MF-13D 

12.5 

200 

17.0 

238 

224 

500 

235 

— 

— 


— 

— 


(1) 

Includes 

10.7 SCFM 

of mist. 

boost and 

purge air 

at 84F 







(2) 

Includes 

3 SCFM of mist and 

boost air 

at 77F 








(3} Based on the working area only of gears 



FIGURE a- 17 


LOGARITHMIC MEAN TEMPERATURE DIFFERENCE 


M.TD.= 


WHEN AT, AND ATz ARE NOT WITHIN THE CHART RANGE 
THESE VALUES MAY BE MULTIPLIED BY A FACTOR, AS 0,5 
Z, 10, OR 100. ETC. ’ 

FOR EXAMPLE*. 

GIVEN A Tj (ACTUAL) -200, AND AT2 ( ACTUAL) = 20, 

USE 0,5 AS FACTOR, ANO AT,' - 100, ANO ATz = 10. ’ 

FROM THE CHART, M,TD.'=39,5 


OR M.T.D, (ACTUAL ) 1 x 39.5 j 79, 


REFERENCE: f’Q.VER PLANT ENG, 35. D37 (!<ni) 



Many a T 9 uments could be raised against this or any nfhov. nc 
the area for heat transfer. The most confuting Mint is th^heS u’ 

the roHo!^ a t^ d unl T or ™ ly . along the tooth surface. As shown in Figure A IS 
circ if Inf?? -? te 1S \ 1 ? early proportional to the distance from the A pitch 
5D d n 1S 9 enera11 y accepted that the "flash temperature "fTeV ° n 
follows the same pattern. However, by the time the teeth have deni shod 
enough to become accessible to the cooling air and I R thermometer this 
tin y E?+ t h r S* h ?? been distorted by thermal conduction in the metal / The 
e> and coas t side of the gear have bled off some heat 
hMh ,^ nf h f^ 1 addendlJ^1, tbe deda ndum has also lost heat to the web and 

^us tiS 6 96ari r S? u tlng in a c ^e shown schematically in Figure/- 18 
Thus, the energy which was at first confined to the little ™ ’ 

? l irser , area "" d trt" contij^t? To sTil^" 91 ' 5 

competition with the heat transfer to cooling air, 

, , There might be some Justification for putting the tonth tin ama 
n, and there might also be some for leaving out the hot face of the ^ 
driven gear since the cooling air strikes only the coast side, 

used* if fh/whn?f/n/^ C ’ only the working 252 of the wide gear was 

bv n an “?Snh%-i 0Qth * ere used ’ these va1ues wou ' ld be multiplied 
by 0.40, Such arbitrary decisions constantly arise in heat transiW Wu 

h/thp ln ? St ^ aS ? S th f y are covered b y "conventions" set up many years aqo’ 
b„ the classical workers. Such questions as were raised in the preceding 
paragraph must be settled by joint agreement of the present team The 9 

n °T, W ? a ? deciSions are ™ ade - s " "K « thrtthej ’be 
so explicit as to avoid future confusion. 

S ; 9 . Comparison with previous work is difficult because the svqfpmq 
are not closely similar. However, a simplified Nusselt plot i*- qhnwn in 

n Z?r, Xn another iSlS'lX"^ & 

ll = C Qi m 

& WulM %£%?£**'*«* a " d Ql the air flow rate. 


This 


h = C (nQi) 


m 


while Perr v^s C Handhnr>C°/ q? P ? rt CR “ 1208 ^ 3 (4), the value of m should be 1/3, 
wnue rerry s Handbook (9) favors m = 0.58. As can be seen in Fionrp A-io 

large? 6 than W. ** ^ scattered > and ™ uld roquire m to be ,5 
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7, Step Loading 


Experiments were conducted in accordance with Task IC of the. 
contract, but this work had to be delayed until a fair amount of optimiza- 
tion had been accomplished so that the data would be relevant to future 
Task II efforts, As a result, both time and money were exhausted before the 
loading could be carried to complete destruction of the gears. However, 
there is good reason to believe this would have occurred at the next load 
Step of 2070 MPa (250 kpsi) Hertz. With the regular oil jet lubrication 
of D 1947 on P&W gears, MIL-L-23699 shows 22,5% scuffing at about 1550 MPa 
(225 kpsi) Hertz, Design calculations indicate the metal would show sur- 
face distress due to crushing the hardened case into the softer core at 
2070 MPa, whereas through-hardened gears would tend to fail at about this 
load due to tooth breakage (12). 


The results of the step-load tests are shown in Table A-VIII. To 
conserve funds, the 12. a krpm tests were started .at 1380 MPa, with such 
success that no lower loads were tried, For similar reasons, Run MF-7A 
was not repeated with the axial nozzle placement, since it would not have 
added significant information. 


8, Gear Conditions After Tests 

The contract calls for a report on gear wear and condition after 
tests Talysurf charts on typical teeth from Runs MF-6B, 8, 9, 10,. lie and 
13D have been forwarded to the Project Manager under separate cover. It 
can be stated that some roughening of all these gears took place, but no 
scuffing in the ASTM D 1947 sense. 

All the used gears (4 wide and 12 narrow) are in storage as NASA 
property, awaiting shipping instructions. 

9. Additional Data Requirements 

Photographs of the test gears and surrounding area for Runs MF-8, 
10 and 12 have been forwarded to the Project Manager. No post-test samples 
of system deposits nor used oil could be collected, due to the very small . 
amount of oil used and to the vigorous scavenging effect of the cooling air. 
Such wear debris as was found was non-magnetic, and was probably phosphate 
coating from the gears. 

Serious consideration should be given during Task. II to using some 
means for recovery of debris from the exit air for examination of particle 
shapes and size distribution. 


OF, POOR QUAUFT 
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TABLE A-Vnr 

STEP-LOAD RUNS OF TA SK I C 


Run 

No, 

Speed 

krpin 

Load 

MPa 

kpsi 

Gear /-» 
Condition 

MF-7A 

10 

690 

■»■ * 11 1 

100 

Satisfactory 

MF-11A 

10 

1035 

150 

Satisfactory 

MF-12A 

10 

1380 

200 

Satisfactory 

MF-13B 

12,5 

1380 

200 

Satisfactory 


GENERAL CONDITIONS (except MF-7A) 

Oil Rate = 8,1 + 0.5 cm 2 3 /hr (0.27 + 0,02 02 . /hr) 

Air Rate ~ 0,60 + 0,03 mo 1 / s (28.5 * 1.5 SCFM) 

Nozzle Placement - Axial 

(1) Gear condition satisfactory indicates that visual 
examination justified continued testing on this surface, 

(2) MF-7A was run with ER&E reclassifier nozzle located 

tangentailly. 
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Vj SYMBOLS 


D « pitch diameter 

E «* shaft input energy 

f ; « coefficient of friction 

h - heat transfer coefficient 

Hi = heat leakage from case to room 

Hg - enthalpy change of combined air streams in gearbox 

H3 " heat carried out in service oil 

Hq = heat generated in bearings 

Hq = calculated heat from test gear friction (page 35) 

Hs = heat from slave gear friction 
Hf = heat from test gear friction 
H w s = heat from slave gear windage 
H w j = heat from test gear windage 
m = exponent in Nusselt equation 
n - revolutions per minute (rpm) 

Pi = pressure of air at inlet to cooling nozzle 

Ql = flow rate of microfog (mist + boost) air 

Q2 = flow rate of cooling air 

Q3 = flow rate of service oil 

Tl = inlet temperature of microfog 

T2 = outlet temperature of combined air streams 

T3 = inlet temperature of service oil 

T4 s outlet temperature of service oil 

T a - ambient temperature in room 

lb * bulk temperature of gear 

T c - case temperature 

Tp = flash temperature at tooth surface (theoretical) 

Tl = air temperature at inlet to cooling nozzle 
T s = surface temperature of gear (averaged by IR measurement) 

W ■= force of the tooth 

0 = torque on input shaft 
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